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ABSTRACT 
Previous work in our group has established that ionic liquids (ILs) can form a surface 
film on reactive metals, e.g. Li and Mg, which led to beneficial electrochemical 
properties including mitigated corrosion in aqueous media [1-14]. It was also revealed 
that potential bias seemed to promote homogeneous film formation on Mg and its 
alloys [9-12]. Aluminium, being the conventional current collector in Li–ion batteries, 
has shown reduced susceptibility to corrosion at high anodic potentials when IL 
electrolytes were used [15-17]. This research focuses on the electrochemical 
interaction between the aluminium alloy, AA5083, and two ILs, [P6,6,6,14][NTf2] and 
[P6,6,6,14][dpp], as well as characterisation of the subsequent surface and its corrosion 
behaviour in 0.1 mol l–1 NaCl solution. 
AA5083 exhibited progressively reduced electrochemical activity as indicated by the 
progressively reduced current response observed during cyclic voltammetry (CV) 
scans from open circuit potential (OCP) up to 3 V vs. Pt in the presence of either IL. 
CV scans were also carried out on the inert glassy carbon as a comparison to the 
surface of AA5083, but it did not show significantly reduced current density in 
subsequent CV cycles in either IL. It has been found that instead of forming an IL–
film on the AA5083 surface, [P6,6,6,14][NTf2] appeared to have electrochemically 
etched the AA5083 surface under the 2–step anodic bias. Preferential dissolution of 
Mg from the Mg2Si intermetallics, formation of MgF2 and AlF3 at these sites, and 
oxide formation on the Al–matrix all contributed in the improved corrosion resistance 
of AA5083, compared to the untreated control. On the other hand, a 37 to 155 nm 
porous IL–film was observed on the surface after the 2–step anodic treatment in 
[P6,6,6,14][dpp]. The IL–film is composed of insoluble aluminium phosphate and oxides 
that improves the corrosion behaviour. Cathodic CV scans in [P6,6,6,14][dpp] also led to 
reduced current in subsequent CV cycles. In addition, the application of a constant 
cathodic potential in [P6,6,6,14][dpp] also led to better corrosion resistance. Overall, the 
IL–treatments developed were effective in modifying the alloy surface such that 
corrosion protection for AA5083 in 0.1 mol l–1 NaCl was achieved, indicating promise 
for further design and application of IL–based coating methods. 
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1 INTRODUCTION 
1.1 Aluminium and AA5083 Aluminium Alloy 
Corrosion is defined as a reaction between the material and the environment that leads 
to destruction or deterioration of the original material. It is not just limited to metals 
and alloys, but also includes ceramics, plastics, rubber and other non–metallic 
materials [18, 19]. For the purpose of this thesis, corrosion refers to metals and alloys 
corroding. 
In nature, metals often exist in the form of metal ores. The reason that almost all 
metallic materials tend to corrode can be explained as they are trying to revert to their 
original, more thermodynamically stable, state. Therefore, it is often accepted that 
corrosion is an inevitable process costing our economy a significant amount of money 
as well as posing safety concerns. As such, in many cases it is responsible for 
numerous catastrophic accidents, for example, failure of aircrafts, pipeline explosions 
and collapse of bridges [18, 19]. Estimates of the total annual direct cost of corrosion 
in the U.S. are $276 billion – approximately 3.1% of the nation’s Gross Domestic 
Product (GDP), according to a study released by U.S. Federal Highway 
Administration (FHWA) in 2002 [20]. Similar studies were carried out in other 
countries, which also indicate the indirect costs of corrosion that may equal or exceed 
the direct cost.; The total cost of corrosion to the Australian economy was estimated to 
be over 3% of the Gross Net Product (GNP) in 1973 [21]. With the advances in 
corrosion science and engineering, more effective methods have been developed, or 
are currently being explored in order to prevent or mitigate corrosion. 
Aluminium is an important structural material, with a tonnage use that ranks only 
slightly behind iron and steel, and this has been on a steady increase [22]. The high 
demand can be attributed to its attractive properties, including low density, high 
strength–to–weight ratio, and good weldability [23]. Although aluminium’s position 
in the electromotive force series (EMF) indicates that it is a thermodynamically 
reactive metal, its oxide surface film usually provides excellent protection against 
corrosion to the underlying metal. The nanometre–thin film acts as a barrier layer to 
the environment and readily re–forms on the freshly abraded surface, offering instant 
protection in most benign environments [24]. This unique property profile makes it an 
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ideal material for a diverse range of products, from household foil to aircraft bodies 
and ship hulls.  
The 5xxx series aluminium alloys are the wrought magnesium–aluminium alloys with 
excellent mechanical strength, corrosion resistance and weldability, whose main 
application lies in the shipbuilding industry. Magnesium, as the main alloying 
element, enhances mechanical properties by solid solution strengthening and work–
hardening. However, due to its low solubility in aluminium at room temperature, the 
magnesium content rarely exceeds 6 wt.% in order to lower its susceptibility to 
intergranular corrosion and exfoliation corrosion related to β–phase (Al3Mg2 or 
Al8Mg5) formation along the grain–boundaries [25-27]. For the same reason, these 
alloys are often used in their ‘as–rolled’ state without heat treatment. The AA5083 
alloy is one of the most widely used 5xxx aluminium alloys, the main application of 
which lies in the marine industry. The microstructure of the AA5083 alloy has an 
absence of any grain–boundary phase, and instead is comprised of intermetallic 
precipitates, in particular iron–containing and the Al(Mg, Si) particles, embedded in 
the aluminium–magnesium solid solution matrix. Depending on the alloy grade, some 
Al–Mg intermetallics may be present in the matrix as well [28]. These intermetallic 
particles (IMPs) create inhomogeneities on the surface, thus making the alloy prone to 
localised corrosion attack in aggressive environments such as seawater [29]. 
Pitting is the most common form of localised corrosion caused by a breakdown of the 
protective oxide film in isolated areas, which then leads to pit–formation on the metal 
surface [22, 27]. The natural oxide film on aluminium alloy is extremely thin, only 3–
10 nm, and its corrosion resistance is compromised by the presence of secondary 
phases, often deliberately added to enhance the mechanical strength of the otherwise 
soft and ductile pure aluminium. Thus, the oxide film is unable to offer long–term 
corrosion protection in aggressive environments such as seawater [30]. Initiation of 
pits occurs due to chemical attack of the oxide film by halide ions, most often chloride 
ions (Cl–), present in the environment at defects or inhomogeneities on the surface 
[31-33]. Consequently, appropriate corrosion protection steps are essential before 
AA5083 alloy can be used. 
Previously, chromates were widely used in corrosion inhibition and in forming 
conversion coatings on aluminium alloys [34]. Due to their known carcinogenic 
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nature, they are increasingly seen as an unacceptable occupational hazard and are 
progressively being phased out and replaced by other, environmentally friendly, 
organic and inorganic compounds [35]. Attempts are being made to eliminate 
chromate compounds by finding alternative protection methods utilising the 
environmentally friendly compounds. Rare–earth inhibitors [36-38], conversion 
coatings [39-44], sol–gel coatings [45], and ceramic coatings [46] are among the 
methods most researched. However, it remains that none of these corrosion protection 
methods provide the level of protection and robustness to that of chromate 
compounds.  
Significantly fewer studies have been conducted on marine grade alloys (e.g. 
AA5083) compared to the number of studies on corrosion protection of aerospace 
alloys (e.g. AA2024). Therefore, there is still urgent need to further explore effective 
novel corrosion protection methods, which have shown promising corrosion resistance 
on other alloys. For instance, ionic liquid (IL) corrosion resisting films have been 
developed and investigated on Mg and its alloys. This thesis represents one of the first 
studies on enhancing corrosion resistance of aluminium alloy with ILs.  
 
1.2 Ionic Liquids and Corrosion 
Ionic liquids (ILs) are an important group among the new materials being studied for 
corrosion protection purposes. They are a class of organic materials, composed 
exclusively of cations and anions. ILs exist in a liquid state at room temperature, thus 
they are also known as room temperature molten salts. With beneficial properties such 
as high ion conductivity, non–volatility and non–flammability, they have been 
extensively investigated as safer alternatives to conventional electrolytes in 
electrochemical devices. Following the discovery that some ILs are able to form a 
corrosion protective surface layer on base metals, studies have emerged on inhibiting 
corrosion of reactive metals, such as lithium and magnesium using ionic liquids, 
giving this material an important new potential application [1-3, 47].  
There are many advantageous properties of ILs as corrosion mitigation agents 
including: i) high concentration of potentially reactive molecules, since ILs are 
4    C H 1  I N T R O D U C T I O N  
 
composed solely of ion pairs; ii) they exist in a liquid state, which offers potential 
easy application; and iii) many ILs can exhibit low toxicity. 
Although several studies have covered various aspects of passivating magnesium and 
its alloys using a range of candidate ILs, there is a lack of fundamental knowledge in 
this area concerning aluminium. AA5083 contains 3.5 to 5 wt. % Mg, which exists in 
the Al solid solution as well as in the form of Mg2Si IMPs [25]. Based on previous 
success on forming surface films on Mg [5-13, 47], this Al–Mg alloy offers a good 
starting point for expanding research of corrosion protection using ILs to aluminium. 
This thesis will present results on the interaction between AA5083 alloy and two 
target ILs, trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)amide 
([P6,6,6,14][NTf2]) and trihexyl(tetradecyl)phosphonium diphenylphosphate 
([P6,6,6,14][dpp]), and the subsequent characterisation of corrosion enhancement and 
proposed corrosion protection mechanism. These two ILs, the structures of which are 
shown as Figure 1–1 and Figure 1–2, have been selected because they are 
commercially available (([P6,6,6,14][NTf2]) or easy to synthesise in the lab 
([P6,6,6,14][dpp]) and have been extensively researched as well as being successfully 
applied on Mg [48]. 
 
Figure 1–1 Structure of the trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)amide 
([P6,6,6,14][NTf2]) IL. 
 
 
Figure 1–2 Structure of the trihexyl(tetradecyl)phosphonium diphenylphosphate ([P6,6,6,14][dpp]) 
IL. 
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2 LITERATURE REVIEW 
2.1 Aluminium and Aluminium Alloys 
2.1.1 A Brief History of Aluminium 
Aluminium was first discovered by Hans Christian Ørsted in its impure form in 1825 
and later in its pure form by Friedrich Wöhler [49]. Although the aluminium element 
is the third most abundant and makes up of 8 wt. % of the earth’s crust [50], its 
commercial production did not start until 1855, when Frenchman Henry Etienne 
Sainte–Claire Deville discovered how to reduce aluminium chloride using sodium. In 
1886, Charles Martin Hall in the United States and Paul Héroult in France discovered 
how to derive high purity aluminium by using electrolysis [49]. The latter became the 
basis of aluminium production even today, known as Hall–Héroult process. Before 
this economic production method was introduced, aluminium remained more valuable 
than gold and was used as dinner plates by Napoleon III [22]. 
The naturally occurring ore of aluminium is called bauxite, which is made up of 30–
50% hydrated alumina and balanced by impurities including iron oxide, titania and 
silica. The aluminium production process can be described as follows: the bauxite ores 
are digested in caustic soda before undergoing crystallisation and calcination leading 
to the production of alumina. Alumina is the raw material used in aluminium smelters, 
where they are first dissolved in cryolite, and then electrically reduced to aluminium 
metal in an electrolysis cell composed of consumable prebaked carbon anode and 
molten aluminium cathode. The whole cell is kept at 950 °C the entire time while a 
high current of 500 kA is applied. The produced molten aluminium is collected and 
transported at regular intervals to the cast house, where it is cast into ingots. 
Depending on the further processing requirements, cast products range from extrusion 
billets for extrusion parts to rolling ingots for making plates, sheets and strips. With 
technology advancing rapidly, more cost–efficient procedures have been developed. 
For instance, now it is possible for carbonaceous mixtures to be fed directly into the 
cell and self–baked into carbon anodes with the heat released by electrolysis of 
alumina. 
Despite a late start, aluminium has gone a long way since it was first discovered 
almost 190 years ago. As shown in Figure 2–1, the world production of aluminium 
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showed a steady increase between 1950 and 1990. It now ranks third place in tonnage 
production, only second to iron and steel. It owes its popularity to its capability of 
being processed into a wide range of alloy grades and subsequently being made into 
diverse shapes and products. Apart from its versatility, aluminium remains a strong 
candidate where corrosion is concerned. Artefacts dated to its earliest known 
application in manmade structures and products still retain mill–finish appearance, for 
example, the statue of Eros by Albert Gilbert forged in 1893 and the roof of church of 
St. James in Rome built in 1897 [22]. Today, higher demands have been placed on its 
mechanical properties. This often means the addition of a range of alloying elements, 
e.g. copper, magnesium, manganese and silicon, etc. [26], which act as 
inhomogeneities throughout the alloy, and subsequently lead to sacrifices in terms of 
corrosion resistance [27]. In the literature, specific types of corrosion problems have 
been observed and studied. These include the sensitisation of Mg in Al–Mg alloys [51, 
52]; stress corrosion cracking in aerospace alloys [53]; galvanic corrosion in 
construction and automotive structures [54]; and filiform corrosion in painted sheets 
[55, 56]. As a solution to the trade–off, proper corrosion protection schemes have 
been developed depending on the alloy grade and the environment it’s used in. With 
chromate compounds being phased out, due to their carcinogenic nature, the continued 
growth of the aluminium industry faces the challenge of finding equally cost–effective 
and high–performance safer alternatives for corrosion protection. 
 
Figure 2–1 World production of primary aluminium [33]. 
 
2.1.2 Properties and Applications of Aluminium and its Alloys 
Aluminium alloys are selected in a diverse range of engineering applications because 
of their unique property profile, including strength–to–weight ratio, thermal 
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conductivity, electrical conductivity, versatility, weldability and corrosion resistance 
[30, 57].  
Known as a light metal, aluminium has a density of 2700 kg m–3, less than half that of 
steel (7750–8050 kg m–3) [58]. The density of its alloys ranges from 2600 to 2800 kg 
m–3 [59]. For these reasons, aluminium alloys are widely used in making transport 
carriages (e.g. automobiles and aircrafts), as well as replacing steel in parts in 
construction and heavier copper in power transmission, which results in desirable 
savings in costs and energy [60]. 
Pure aluminium is a great heat conductor, while thermal conductivity of its alloys 
varies with alloy grade and temper [26]. At the end of the 19th century, it replaced tin–
plated copper as kitchen utensils. There are countless applications of aluminium heat–
exchangers today: cars, refrigerators, air conditioning systems, desalination of sea 
water, solar energy, coolers in electronic devices, oil and gas production lines etc. 
[60]. 
In recent years, aluminium and its alloys have been increasingly used as electrical 
contact materials, substituting copper. Its electrical conductivity is two–thirds of that 
of copper, whereas an aluminium conductor weighs 48% of that of a copper 
conductor, making them attractive alternatives. Taking advantage of aluminium’s 
diverse alloy grades and property merits, different alloys are employed for three main 
electrical applications: overhead transmission lines and underground cables, coil 
winding, and busbar conductors [60, 61]. For overhead transmission lines, the 
aluminium alloy used generally contains 0.8% Mg or 0.5% Si, which ensures a 
combination of high strength and relatively good electrical conductivity. Alloys for 
coiled winding wire, where high elongation values are required, contain a relatively 
high Fe and a low Si content. All–Mg–Si alloys are mainly used for busbars due to 
their excellent corrosion resistance, good workability and electrical and mechanical 
properties [61, 62]. Other electrical applications include aluminium current collectors 
in lithium–ion batteries [15-17, 63-65]. 
Distinct from other metallic materials, aluminium is extremely versatile, with 
applications ranging from household foil and decoration to aeroplane bodies and ship 
hulls. Its versatility arises in the fact that there is a wide range of alloys, each with 
slightly varied property profile. Pure aluminium is a rather ductile material, with a low 
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yield strength about 10 MPa, thus it is readily alloyed to enhance its mechanical 
properties [22]. The common alloy types are listed below: 
- 1xxx – Pure aluminium 
- 2xxx – Aluminium–copper 
- 3xxx – Aluminium–manganese 
- 4xxx – Aluminium–silicon 
- 5xxx – Aluminium–magnesium 
- 6xxx – Aluminium–magnesium–silicon 
- 7xxx – Aluminium–zinc 
Generally speaking, 1xxx series are high purity aluminium used for decorative 
purposes and some chemical applications where corrosion resistance is the main 
concern, e.g. heat exchangers in oil and gas plants; 2xxx alloys have good mechanical 
strength and are known to be used in weight critical structural applications, e.g. 
aircraft; 3xxx series alloys are suitable for manufacturing highly formable sheet, e.g., 
washing machine tubs and aluminium foils; 4xxx alloys are mainly employed in 
electrical applications because of their excellent electrical conductivity; 5xxx series 
have the best combination of corrosion resistance, mechanical properties and 
weldability, and thus ideal for marine applications and cooking utensils; 6xxx alloys 
are weldable alloys used in heavy duty structural applications, such as containers and 
packaging pipes, bridges, and towers; 7xxx series are used in aircraft structures, 
especially military [22, 25]. 
 
2.1.3 AA5083 Aluminium Alloy and Corrosion 
As indicated by its position in the electromotive force series, Aluminium is a 
thermodynamically reactive metal. The metal in its pure state has high corrosion 
resistance, and it increases with increasing purity. This characteristic is largely due to 
a protective oxide film formed on the metal surface within seconds of contact with the 
atmosphere. This 3–10 nm oxide film has a molecular volume 1.5 times that of the 
metal, which is under compression, and is able to sustain deformation up to a certain 
level [30]. Another beneficial nature of the oxide film is that it reforms immediately 
upon damage, leaving the substrate protected all the time [24].  
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Alloying additions affect the corrosion resistance significantly. They pose as 
inhomogeneities in the alloy. As a result, aluminium, in its alloyed state, is distinctly 
more susceptible to corrosion than the pure metal [51]. It is essential to fully 
understand the corrosion mechanism of each alloy in order to develop satisfactory 
corrosion protection schemes according to a range of critical factors, such as cost and 
working conditions.  
Alloys in the 5xxx series owe their popularity to a combination of characteristics, 
excellent mechanical properties, good corrosion resistance and weldability [22]. Being 
a major alloying element, magnesium provides the alloys with solid solution 
strengthening and work–hardening characteristics and its concentration directly 
affects the level of mechanical properties, as shown in Figure 2–2. However, there is a 
significant drop in solubility of magnesium in aluminium when the temperature drops 
from elevated state to room temperature, leading to preferential magnesium 
precipitation along grain–boundaries. Therefore, in reality, the magnesium content in 
the 5xxx alloys rarely exceeds 5 % and the alloys are rarely heat–treated and are 
instead used in their ‘as–rolled’ state. This guarantees the absence of β–phase (Al3Mg2 
or Al8Mg5) at grain–boundaries, thus intergranular or to exfoliation corrosion are 
unlikely to occur [22, 51]. Localised corrosion is still a major concern, due to the 
presence of intermetallics and the aggressive nature of the environment where these 
alloys are employed. AA5083 is the alloy grade with the best mechanical properties of 
all semi–products of the 5xxx series, containing between 4.0 and 4.9 % magnesium 
with other alloying additions (Si, Fe, Cu, Mn, Cr and Zn). They are suitable for 
welding and have outstanding corrosion resistance, especially in maritime 
environments. They have enjoyed growing popularity in naval construction and 
industrial fabrication [25]. 
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Figure 2–2 Effect of magnesium content of mechanical properties of the 5000 series alloys in the 
annealed (°) temperature, where Rp 0.2 is the offset yielding strength. Modified from Reference 
[25].
 
Two main types of intermetallic inclusions embedded in the alloy matrix have been 
reported in literature, shown in Figure 2–3, their compositions are denoted as follows: 
Al(Mn,Fe,Cr,Si) or Al(Mn,Fe,Cr) and Mg2Si [28, 29, 66]. More cathodic Fe–
containing inclusions act as efficient cathodes for oxygen reduction reaction causing 
local pH increase, which subsequently leads to breakdown of the aluminium oxide 
film, fast Al dealloying and trench formation in the adjacent matrix [28, 33, 66]. Both 
Figure 2–3 and Figure 2–4 demonstrate the corroded AA5083 surface after immersion 
in 0.005 mol l–1 sodium chloride solutions. The Fe–rich intermetallics are seen 
surrounded by trenches in the adjacent Al–matrix. On the other hand, the Mg–rich 
particles are anodic with regard to the matrix where Mg dissolution and subsequent 
dealloying take place. Thus, these anodic particles have been found to be common 
sites for pitting nucleation [32, 67-69]. Pitting has also been observed in the AFM 
images (Figure 2–4c and Figure 2–4b) of the Mg–rich IMPs, as a result of Mg 
dissolution. 
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Figure 2–3 SEM micrograph of the AA5083 surface after 2 h of immersion in 5 mM NaCl 
solution, #1, #2 and #3 are Fe–rich IMPs, #4 and #5 are the Mg–rich IMPs, #6 is the Al–matrix 
[12]. 
 
 
Figure 2–4 AFM images of an Fe–rich IMP on A55083 surface before a) and after b), and a Mg–
rich IMP before c) and after d), 2 h immersion in 5 mM NaCl solution. Modified from Reference 
[29]. 
 
2.1.4 Corrosion Protection of AA5083 Alloy 
Rare–earth compounds have been successfully introduced to enhance anticorrosion 
properties of stainless steel [70], zinc [71], and aluminium alloys [72, 73]. A critical 
review was prepared by Bethencourt et al. [74] that summarises the use of lanthanide 
compounds as environmentally friendly corrosion inhibitors of aluminium. The 
inhibition process starts with lanthanide reacting with the OH– groups, which are 
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generated by the cathodic reduction of oxygen, depositing insoluble oxide and 
hydroxide at cathodic sites, Al(Mn,Fe,Cr) inclusions, on the metallic surface. These 
nodules block the cathodic sites from the aggressive environment, reduce the cathodic 
corrosion reaction and therefore the overall corrosion rate. With the addition of a 
small concentration of lanthanum chloride a similar order of efficiency with respect to 
a chromate inhibitor was observed on AA5083 and a complete absence of pitting was 
confirmed [36]. Similar protection on AA5083 was also observed in the lanthanum 
chloride and cerium chloride binary inhibitor system [37] and cerium chloride system 
[38]. 
Based on the success of various rare–earth inhibitors, procedures have been carried 
out to develop cerium conversion coatings as an alternative to chromate conversion 
coatings for AA5083 alloy [39-44]. In one of the first studies on this subject, various 
periods of immersion time were tested in aerated solutions of cerium salts [39]. It has 
been established that a mixed coating is developed where cerium oxide/hydroxide 
deposits on cathodic intermetallics and an oxide film also covers the rest of the alloy 
surface, resulting in reduction in cathodic reaction on the efficient cathodes while 
anodic reaction is also stifled on the rest of the surface. However, the best performing 
coating required at least 2 days of immersion time, which limits industrial application. 
Electrical activation, thermal activation and activation by H2O2 have been employed 
together or separately in order to accelerate coating formation [39-44]. 
A room temperature sol–gel method has been used to form a nanostructured cerium 
conversion coating, described by Hasannejad and colleagues [45]. This method 
involves immersion in a solution containing CeCl3, H2O2 and glycerol. It was reported 
that the cerium conversion coating obtained by the sol–gel method delivered a 
smooth, compact, crack–free film that consisted of nano–sized cerium deposits, which 
showed better corrosion protection compared to the samples prepared by dip 
immersion.  
A nano–crystalline ceramic layer was successfully deposited onto AA5083 alloy using 
Plasma Electrolytic Oxidation (PEO) which resulted in improved corrosion properties 
of the alloy [46]. 
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2.2 Ionic Liquids and Corrosion Protection 
2.2.1 Early Development of Ionic Liquid Treatment 
ILs refer to a class of organic salts that are composed entirely of ions. Owing to their 
organic nature, typically at least one of the cation or anion components has a bulky, 
asymmetric structure, which prevents strong interaction between the ions; this makes 
it difficult for them to densely pack into a crystal lattice. Unlike sodium chloride, 
which melts at elevated temperature (800.7 °C) [58], ILs can exist in their liquid state 
at temperatures below 100 °C. One particular class of ILs, referred to as room 
temperature ionic liquids (RTILs), even has a melting point below 25 °C [75-77]. 
Because ILs are composed entirely of ions, they also typically exhibit low volatility 
(negligible vapour pressure) and good thermal stability as well as high ionic 
conductivity, making them ideal electrolytes for many electrochemical applications 
[75-78]. For instance, while solvent evaporation and device explosion are the two 
major safety concerns in energy storage devices, ILs pose no such safety issues, and 
thus have been extensively researched as safer alternative electrolytes. Another merit 
of ILs that makes them stand out as promising electrochemical materials is that they 
typically exhibit negligible electrochemical processes between – 2.5V and 2.0 V vs. 
Fc/Fc+, providing an ‘electrochemical window’ of 4.5 V; this can be extended to 6 V 
or higher in some cases [79, 80]. This intrinsic stability over wide potential ranges is 
important for applications such as aluminium electroplating, lithium–ion batteries and 
photoelectrochemical solar cells [80]. For example, in a lithium–ion battery, the 
electrolyte needs to be able to withstand the lithium intercalation potential, 
approaching – 3 V vs. SHE, where traditional electrolytes or salts are rarely stable [3].  
Another electrochemical application of ILs lies in electrodeposition. Since the 1950s, 
ambient temperature ILs have been used to deposit metals and alloys, which are 
otherwise difficult to achieve on various surfaces [56]. The majority of the studies 
have been performed in AlCl3–based ILs. A critical review has been prepared by 
Schubert and co–workers [81], which categorises the whole range of IL–
electrodeposited metals and alloys by periodic system and elements. By far, most of 
the electro–deposition from ILs studies focus on Al, because Al cannot be 
electrodeposited from an aqueous media owing to their electroplating potential being 
more negative than the hydrogen evolution potential. Conventional organic solvents 
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pose safety concerns as a result of their high flammability, volatility and toxicity as 
well as their need to be operated at elevated temperature. Electrodeposition of Al and 
alloys from ILs enjoy a few advantages over other solvents, such as ether, aromatic 
hydrocarbons, and dimethylsulfone, including easy synthesis, room temperature 
deposition, and its ability to deposit both the Al metal and its alloys [82]. Furthermore, 
ILs are extremely versatile in terms of deferent deposit morphology, e.g., course or 
fine or even nanocrystalline deposits can be achieved simply by replacing the cation 
[81]. 
Recent work has demonstrated novel applications of ILs including corrosion 
protection of reactive metals, the advantages of which lie in the intrinsic properties of 
ILs. In this context, a further beneficial feature of ILs is that the ionic species are 
present in high concentrations, replacing any solvents (such as water) or small ions 
(such as chloride) that might create an unwanted reactive environment during an 
electrochemical application [1, 2]. ILs are also ‘designable’ materials for this 
application, in the sense that combinations of desired properties can be achieved by 
altering the chemistry of the cation and anion pair [76]. Almost unlimited structural 
changes are possible as a result of the organic salt nature of ILs, thus unique property 
profiles can be designed and obtained by introducing desired functional groups into 
the ions [76]. Last but not least, as opposed to most traditional conversion coatings, 
there may be less need for any pretreatment when ILs are used to form corrosion–
protective films [5].  
Uerdingen and co–workers conducted one of the first investigations on the corrosion 
behaviour of a range of industrial metals, which included carbon steel, stainless steel, 
nickel–based C22 alloy, copper, brass and aluminium (AlMg3), in contact with 
various imidazolium and quaternary ammonium IL media [83]. It was revealed that 
the degree of corrosion resistance of metals varied with the specific metallic material, 
chemical structure of the IL, and also with the amount of water present in the IL. 
While most metals showed higher corrosion resistance in neat ILs, higher 
temperatures and corrosive by–products associated with the addition of water seemed 
to increase corrosion in the ILs. In addition, corrosion inhibition was shown to be 
feasible by adding known inhibitors to the IL–containing media.  
C H 2  L I T E R A T U R E  R E V I E W    1 5  
 
 
 
This research opened the door for further investigations of the interactions between 
reactive metals and ILs. In parallel to this, while researching lithium metal batteries, 
several studies [1, 2] found that a layered solid electrolyte interphase (SEI) was 
formed on lithium electrodes, consisting of an inner layer of LiF and an outer layer 
containing the reduction products of the [NTf2]– anion. The formation of this surface 
film when Li was immersed in a pyrrolidinium IL led to improved electrochemical 
behaviour, including better cyclability and higher efficiency. As a result of these 
observations, it was hypothesised that IL treatments could produce a desirable surface 
layer on reactive metals generally, and could offer control over electrochemical 
processes which would lead to enhanced corrosion resistance. Since then, a significant 
amount of research has been conducted in this field of interest, particularly for 
magnesium and its alloys, and more recently for aluminium alloys. 
  
2.2.2 Fluoride Ionic Liquid Conversion Treatment 
Almost all of the early work involving IL treatments for corrosion protection centred 
around trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)amide 
([P6,6,6,14][NTf2]) IL (Figure 2–5), due to its commercial availability and advantageous 
electrochemical properties [5, 47]. The [P6,6,6,14]+ cation is relatively stable, whereas 
the [NTf2]– anion is known to decompose (at – 2.0 V vs. Fc/Fc+) in the presence of 
water, oxygen and reductive metal substrates [2, 4, 84]. In addition, its relative 
hydrophobicity (the maximum water content in this IL is around 1 wt.%) allowed 
simple, open to atmosphere, treatment conditions to be used.  
 
Figure 2–5 Structure of the trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)amide 
([P6,6,6,14][NTf2]) IL. 
 
Since optimum surface treatment methods involving ILs were still to be developed, 
initial studies used a simple immersion treatment on AZ31 magnesium alloy and pure 
magnesium [5, 47]. After immersion, potentiodynamic polarisation (PP) was 
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performed to investigate corrosion behaviour (Figure 2–6). Significant ennoblement in 
corrosion potential Ecorr was found, and the corrosion rate, icorr, decreased, by a factor 
of more than 50 (compared to an untreated control specimen) for AZ31 alloy. Surface 
analysis suggested that, similar to lithium, a layered film of thickness in the range of 
tens of nanometres was obtained on the magnesium surface. The inner layer of this 
film was dominated by metal oxides/hydroxides, with metal fluorides also present. 
The middle layer contained mostly metal fluorides, whereas the outer layer mainly 
consisted of organics, most likely entrapped breakdown products and IL components, 
as shown in Figure 2–7. Therefore, it was confirmed that the presence of an IL–
generated surface film facilitated corrosion mitigation.  
 
Figure 2–6 Potentiodynamic scans on AZ31 alloys using a microcell setup with electrode diameter 
~ 80 µm. Scans were performed in 0.1 M NaCl at 10 mV s– [5]. 
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Figure 2–7 General schematic diagram of IL–generated surface film formed on reactive metals, 
e.g. Li and Mg [3]. 
 
Importantly, self–repair characteristics of the film were observed in both studies: film 
resistance decreased initially, before rising, in the first 40 hours of recorded 
electrochemical impedance spectroscopy (EIS) data in 0.01 mol l–1 NaCl solution [5]; 
and the PP reverse scan showed a re–passivation effect [47]. Along with preliminary 
surface analysis that indicated that there were both metal fluorides and other organic 
species present on the surface, this behaviour indicates that a reservoir of organic 
components is retained, and is available to form additional metal fluorides later on. 
Additionally, the IL–treated specimens also showed enhanced atmospheric corrosion 
resistance, maintaining a smooth surface with occasional cracks after exposure to 
100% humidity for 3 weeks, while the control sample exhibited a heterogeneous 
surface covered with corrosion products [5].  
These initial trials demonstrated that IL immersion treatments could reduce the 
corrosion of reactive metal surfaces; thus further work was undertaken to understand 
and optimise this effect. 
 
2.2.3 Designing Ionic Liquid Surface Treatments for Mg Alloys 
2.2.3.1 A Fast Screening Process Using Solid–State NMR 
As mentioned in the introduction, ILs can be defined as designable materials due to 
the availability of virtually unlimited combinations of cations and anions, resulting in 
properties that can be tuned by incorporating desired functional groups. Phosphates 
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are known to be passivating towards magnesium, and phosphate conversion coatings 
are used with magnesium alloys as an environmentally friendly alternative to 
chromate conversion coatings [85, 86]. Thus, researchers proceeded to study 
organophosphinate ILs with the same [P6,6,6,14]+ cation [6]. ILs comprising the 
[P6,6,6,14]+ cation and six different organophosphate/organophosphinate anions were 
synthesised and their anticorrosion characteristics on AZ31 alloy evaluated [4]. A 
subsequent study by Forsyth et al [7] provided new insights into the chemical aspects 
of IL film formation on ZE41, while comparing the [P6,6,6,14][NTf2] IL and the best 
performing IL of the six studied by Sun and colleagues, 
trihexyl(tetradecyl)phosphonium diphenylphosphate, [P6,6,6,14][dpp] [4]. The 
[P6,6,6,14][dpp] IL (structure shown in Figure 2–8) was found to form a surface film on 
regions adjacent to the grain boundaries, whereas the [P6,6,6,14][NTf2] IL formed a 
surface film which was not visible by microscopy but confirmed by EIS and solid–
state NMR. It was suggested that the IL film formation process likely involved simple 
physical adsorption as well as chemical and electrochemical reactions. This finding 
plays an important role in future design of ILs for corrosion protection. 
 
Figure 2–8 Structure of trihexyl(tetradecyl)phosphonium diphenylphosphate ([P6,6,6,14][dpp]). 
As numerous new ILs are constantly being developed, there is a definite need for a 
rapid screening process to select the most promising ILs for further investigation in 
terms of corrosion mitigation of reactive metals and also for other applications. Solid–
state nuclear magnetic resonance (NMR) has been shown to be capable of fulfilling 
this requirement to an extent [87]. Metal surfaces in an ambient environment are 
typically covered by a series of inorganic oxide or hydroxide compounds. 
Multinuclear solid–state NMR studies on the boundary films generated between ILs 
and inorganic oxide/hydroxide particles showed that a varying degree of interaction 
occurred. For instance, anions of the ILs tend to adsorb onto SiO2 and Mg(OH)2, 
bringing the cations into the outer layer of the boundary films. On the other hand, a 
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minimal interaction was observed on other inorganic species that may be present on 
the metal surface, namely Al2O3, MgO, ZnO and ZrO2. The presence of a surface 
hydroxyl group was identified as the reason behind these variations in interaction. 
Thus, solid–state NMR was able to provide quick and important insights into the 
boundary layer formed with the IL, which may act as a barrier to corrosion and can be 
further fine–tuned through the choice of the hydrophobic cation. 
The following section focuses primarily on understanding the effects that various 
treatment conditions have on film formation and the subsequent corrosion resistance 
of the resultant surface. 
 
2.2.3.2 The Influence of Treatment Time 
[P6,6,6,14][NTf2] IL 
It was observed in one of the first studies that the film morphology and subsequent 
corrosion protection were strongly time–dependent. There was evidence that longer 
immersion times did not necessarily lead to better corrosion properties [47]. As 
observed in optical microscopy and high resolution scanning electron microscopy, a 1 
h immersion treatment in [P6,6,6,14][NTf2] IL resulted in the most uniform surface 
morphology on pure magnesium, the appearance of which could be explained by the 
presence of an adherent film of thickness between 10–100 nm. In contrast, a 
prolonged treatment time (more than 2 h) led to agglomeration of crystalline needles 
and subsequent heterogeneity in the film morphology. Both EIS and PP data 
confirmed that excessive treatment time degraded any anti–corrosion properties 
achieved by the IL film deposition. Corrosion resistance seemed to decrease for 
treatment times exceeding 2 h, which was likely to be caused by detrimental reactions 
between the surface and residual water molecules. Figure 2–9 shows photos of treated 
(right) and untreated (left) magnesium surfaces after immersion in 0.1 mol l–1 NaCl 
solution for certain periods of time. These images provide direct physical evidence of 
how effective the IL coating was in terms of corrosion protection. The untreated 
control specimen had already corroded after 30 min, whilst the IL–treated sample was 
hardly affected. Similarly, after 4 h, the untreated sample was heavily corroded, whilst 
the IL–treated sample only suffered mild localised corrosion. In agreement with EIS 
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results, the IL coating led to increased film resistance (by up to 3 orders of 
magnitude), which was sustained for up to 8 h [47]. 
A study by Caporali et al. [88] reported that the formation of the interactive layer is 
controlled by two mechanisms: oxidation of the alloy constituents accompanied by 
oxides and fluoride formation, and deposition of the IL breakdown product onto the 
surface, resulting in significant thickening of the interaction layer. The second process 
was found to be especially time–dependent, because it was only initiated after 9 d 
immersion in the IL. 
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Figure 2–9 Photographs of uncoated (left) and 1 h IL–treated (right) Mg samples exposed in 0.1 
M NaCl for: a) 0 h, b) 30 min, c) 4 h [47]. 
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2.2.3.3 The Influence of Water Content and Treatment Temperature 
[P6,6,6,14][(iC8)2PO2] and [P6,6,6,14][dpp] ILs 
In another study, researchers explored the possibilities of employing 
trihexyl(tetradecyl)phosphonium bis(2,4,4–trimethylpentyl)phosphinate 
[P6,6,6,14][(iC8)2PO2] IL to improve the corrosion resistance of magnesium alloy AZ31 
[6]. This particular IL was chosen owing to its functionality, since phosphate 
conversion coatings have been reported [89, 90]. It is also available commercially in 
large quantities. It can absorb up to 20 wt.% water, although the as–received and 
atmosphere–exposed ILs contained 0.9 wt.% and 5.8 wt.% water, respectively. 
Therefore, the author discussed the effect of water content and temperature on the 
formation of conversion coatings. The best corrosion resistance was achieved on 
samples immersed in atmosphere–exposed ILs with 5.8 wt.% water present. In 
addition, a short immersion time (10 min) at 50 °C with equilibrium water content 
gave the best corrosion protection. Figure 2–10 presents the impedance spectra for all 
three samples after exposure to 0.01 mol l–1 NaCl solution for 48 h. It is obvious that 
the water–saturated IL offers the best corrosion protection, whereas the sample treated 
with ‘dry’ IL would be expected to suffer worse corrosion attack than the control. The 
substantial improvement in corrosion resistance was attributed to formation of a 
surface film. Nevertheless, the film appeared to be extremely thin and could not be 
detected using FTIR or Raman spectroscopy. AZ31 specimens treated at 50 °C in 
[P6,6,6,14][dpp] also resulted in a more uniform surface film compared to room–
temperature treated specimens, as well as lower roughness than the control specimen 
[4]. Elevated temperature was thought to have sped up the reactions between AZ91D 
and the IL, because there was no difference, detectable by x–ray photoelectron 
spectroscopy (XPS), between the sample immersed at room temperature and the 
untreated control specimen [88]. 
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Figure 2–10 Bode and Nyquist plots of the EIS data for control, ‘dry’ (0.9 wt.% H2O) and ‘wet’ 
(5.8 wt.% H2O) [P6,6,6,14][(iC8)2PO2] treated samples obtained after 48 h exposure to aerated 0.01 
M NaCl solution [6]. 
 
[BMIm][CF3SO3] IL 
The role of water content in an IL on the corrosion behaviour was also investigated by 
other researchers [91]. Cyclic voltammetry (CV) was performed to obtain insights into 
the reactivity of Mg and its alloys in the presence of 1–butyl–3–methylimidazolium 
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trifluoromethylsulfonate [BMIm][CF3SO3] IL, in which lower current values were 
observed in the dry IL as well as in alloys with no added impurities. The same trend 
was observed for in–situ AFM images in terms of surface roughness and 
morphologies. The corrosion rate of magnesium alloy AZ91 was 3–4 orders of 
magnitude lower in dry IL, compared with in 3.5 wt.% NaCl solution, indicative of 
possible surface passivation. Tafel analysis, performed on linear sweep voltammetry 
data (LSV) of pure magnesium in IL with varied water concentrations, indicated that 
the corrosion rate increased exponentially as a function of water content in this IL. In 
addition, the corrosion potential shifted to more negative values with increasing water 
content. The suppression of corrosion processes was explained by the fact that the 
activity of water was substantially lower in ILs than in aqueous solutions. 
 
2.2.3.4 The Influence of Alloy Microstructure 
[P6,6,6,14][dpp] and [P6,6,6,14][NTf2] ILs 
Despite the research effort expended on evaluation of the IL corrosion protection 
scheme, there is still a lack of fundamental understanding of the film formation 
mechanisms. Forsyth and colleagues [7] used a combination of techniques, including 
microscopy, Raman spectroscopy, EIS, optical profilometry and NMR, to gain 
insights into the fundamental chemical nature of IL film formation on ZE41 
magnesium alloy. The electrochemical experiments were carried out in a purpose–
made pipette cell (Figure 2–11), consisting of a Ti–mesh counter electrode, a Pt 
pseudo–reference electrode and an alloy specimen as the working electrode. The cell 
is sealed by compressing a polyethylene pipette onto the working electrode surface. 
This design requires less than 1 ml of IL per test, provides a good electrochemical 
response, and is robust and economical to use. Figure 2–12 shows scanning electron 
microscopy (SEM) images of an untreated as–polished ZE41 Mg alloy, a surface after 
24 h IL treatment at the OCP, and a surface after 24 h IL treatment at a bias of – 200 
mV, prepared using the pipette cell technique. The apparent difference between the 
IL–treated surface and the as–polished control surface is that reaction products are 
deposited in the immediate vicinity of the grain boundaries. This is because the grain 
boundary phase does not tend to interact with the IL, whereas Mg, being more 
reactive than the grain boundary phase, reacts preferentially. However, the application 
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of a – 200 mV potential bias appeared to homogenise the reactivity of the alloy 
surface and thus there were fewer deposits directly adjacent to grain boundaries, as 
seen in Figure 2–12c. Three different interaction mechanisms were proposed and 
summarised: physical adsorption, chemical interaction, and electrochemical 
interaction. Although alloys immersed in [P6,6,6,14][dpp] and [P6,6,6,14][NTf2] ILs all 
showed increased surface film resistivity in EIS, the film formed was different with 
regards to deposition location and chemical composition. For instance, film deposition 
mainly took place adjacent to the grain boundary for samples immersed in 
[P6,6,6,14][dpp]. On the other hand, despite the strong indication of film formation by 
EIS and NMR results, no obvious interphase was observed in the [P6,6,6,14][NTf2] IL–
treated samples. It was concluded that film deposition was not simple physical 
adsorption of the anion on the oxide surface but was likely to involve chemical or 
electrochemical processes [7].  
 
Figure 2–11 Schematic diagram of the pipette cell, showing a Ti–mesh counter electrode, a Pt 
pseudo–reference electrode, an alloy specimen as the working electrode and the small volume (< 1 
ml) of IL required. 
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Figure 2–12 (A) SEM micrographs of as–polished ZE41 surface; (B) SEM image of a ZE41 
surface after 24 h treatment at OCP. (C) SEM image of a ZE41 surface after 24 h treatment 
biased to – 200 mV versus OCP [8]. 
 
For the purpose of generating a more homogeneous surface film and subsequently 
acquiring better corrosion resistance, a procedure is thus required to homogenise the 
surface. This can be done either by applying a polarising potential or by performing an 
acid pickling pretreatment prior to IL treatment. 
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2.2.4 The Influence of Anodising Potential 
[P6,6,6,14][dpp] IL 
Based on the early works discussed above, the conclusion was drawn that the film 
which ‘self–deposited’ onto the surface of the reactive metal was ultra–thin and non–
uniform. Therefore, electrochemical approaches were suggested for developing a 
more uniform and protective surface film on magnesium alloys in the presence of ILs 
[8, 10]. Howlett and co–workers [10] applied an anodic bias to ZE41 magnesium alloy 
in contact with [P6,6,6,14][dpp] IL. In the cyclic voltammograms, the current continued 
to decrease in subsequent cycles, which was likely due to film formation on the alloy 
surface when cycled from open circuit potential (OCP) to various anodic potentials 
(e.g., 0 V, 0.25 V and 0.5 V vs. Ag/AgCl), causing the resistance to charge–transfer 
processes to increase. EIS measurements of the samples after 5 CV cycles were 
obtained in a 0.1 mol l–1 NaCl aqueous solution, which is a relatively aggressive 
environment. The results implied that intermediate anodic potentials (0 V and 0.25 V) 
provided better corrosion protection, compared to anodic polarisation from OCP to 0.5 
V. Subsequently, the effect of a small constant anodic bias was evaluated using in–situ 
EIS to monitor film formation. There was an increase in film resistance until after 4 h, 
when it started to decrease, probably due to the presence of defects in the film. Thus, 
an optimum treatment time was thought to exist for any given bias potential, which 
was consistent with previous studies [5, 47].  
Besides potentiodynamic polarisation, potentiostatic control was another 
electrochemical approach probed in order to produce a more corrosion–resistive IL 
surface film on ZE41 magnesium alloy [8]. Chronoamperometry (CA) data were 
recorded when the sample was polarised to a selected potential, + 100 mV, 0 V, – 100 
mV or – 200 mV vs. OCP for 24 h, during which in–situ EIS measurements were 
acquired. A highly resistive film gradually evolved on the alloy surface during the 24 
hours bias to – 200 mV in [P6,6,6,14][dpp] IL. The current response showed that all 
polarisations away from OCP resulted in charge transfer associated with either a 
reduction or oxidation process. The – 200 mV bias led to greater charge transfer, 
indicating a more pronounced reduction process and possibly a thicker film. However, 
the EIS results showed that the corrosion enhancement did not correlate well with the 
film thickness in this case. SEM surface characterisation revealed that anodic 
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polarisation seemed to suppress the heterogeneity in terms of film deposition sites, as 
the reaction product was no longer aggregated near grain boundaries. The presence of 
a homogeneous film, associated with the anodic bias, was further evidenced by time 
of flight secondary ion mass spectroscopy (ToF–SIMS) mapping. CA treatment at 
OCP and – 200 mV was found to impart substantial protection against pitting 
corrosion in 0.001 mol l–1 NaCl aqueous solution. 
 
[P6,6,6,14][(iC8)2PO2] IL 
Latham and colleagues [14] probed the electrochemical behaviour of 
[P6,6,6,14][(iC8)2PO2] IL on both an inert substrate (glassy carbon) and an AZ31 
magnesium surface. They found that only anodic polarisation led to passivation of the 
alloy surface, as seen from the fact that the oxidation current was suppressed 
irreversibly with increasing cycles in the anodic CV scans, whereas cathodic bias 
resulted in excessive current densities. The presence of water and oxygen tended to 
encourage the reactions, as low current densities were observed in the absence of 
oxygen in an argon environment and in the dry IL. It was also found that the degree of 
passivation depended on the overall exposure time and the potential to which the 
sample was polarised. For example, certain exposure times (around 4 h) and 
intermediate potential ranges were necessary to achieve better passivation. The 
authors thus concluded that the optimal electrochemical parameters were likely to lie 
in the potential range – 0.6 to 2 V vs. Pt in IL media with low water and oxygen 
concentrations. Previous studies have revealed that IL film formation most likely 
involves electrochemical reactions [7, 8, 10]. Therefore, it was thought that better 
understanding of the electrochemical behaviour of the ILs would lead to optimisation 
of the treatment conditions and formation of better corrosion–protecting films.  
Based on these findings, films were successfully deposited onto an AZ31 magnesium 
alloy surface in a ‘neat’ IL as well as in a diluted IL (using acetonitrile as an inert 
solvent), by applying constant current densities of 0.05 or 0.07 mA cm–2, respectively. 
The films were extremely thin, only 80 nm thick for the neat IL–treated sample and 29 
nm for the diluted IL treatment (Figure 2–13). It is also worth noting that in general, 
diluted ILs tended to generate thinner films than neat ILs, indicating that a different 
film formation mechanism may be involved when the IL is diluted [11, 12]. 
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Figure 2–13 SEM cross–sections obtained through ion–beam milling at 3 nA of a) AZ31 treated in 
neat IL to 18 V at an applied current density of 0.05 mA cm–2 and b) AZ31 treated in a 0.1 M IL 
solution in acetonitrile to 18 V at an applied current density of 0.07 mA cm–2 [11]. 
 
2.2.5 Pickling Prior to Ionic Liquid Treatment 
Pickling refers to a process to remove impurities present on metal surfaces. In the 
commercial coating industry, it is common for an alloy to be pretreated prior to 
application of coatings to obtain a more homogeneous surface and subsequently 
promote adhesion and film deposition [86]. Researchers also investigated the effect of 
a pretreatment, involving acid and base cleaning of the AZ91D magnesium alloy prior 
to IL immersion, on the final corrosion resistance of the IL conversion coating [13]. 
The pretreatment protocol entailed immersion in a dilute (20 g l–1) HNO3 activating 
solution (~pH 3) and a concentrated (100 g l–1) Na(OH) conditioning solution (~pH 
13). The pretreatment led to significantly improved corrosion resistance, while even 
greater improvement was achieved by immersing the pretreated surface in the IL 
(Figure 2–14). Chemical homogenisation of the surface was effective at promoting a 
more homogeneous and corrosion–resistive surface film. Similar pretreatment, using 
only acid, was performed in Latham’s study prior to IL treatment [12]. Improvement 
in corrosion protectiveness of the IL film on the pickled surface was thought to be due 
to surface roughening which encouraged IL adsorption and adhesion. 
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Figure 2–14 (a) Potentiodynamic polarization curves of AZ91D subject to various pretreatments 
in 0.01 M NaCl; (b) icorr vs. Ecorr relationship from (a) [13].  
 
2.2.6 Proposed Mechanism for Ionic Liquid Film Formation 
Most of the studies reviewed here are based on ILs with the [P6,6,6,14]+ cation, which 
was reported to be stable at potentials above – 3.2 V vs. Fc/Fc+ [92]. Nevertheless, in 
several cases [9, 12], the intact cation has been observed, via XPS or ToF–SIMS, to be 
present in the resultant film that forms on the Mg alloy surface. The cation is 
suggested to be incorporated in the surface film through electrostatic interactions to 
maintain charge neutrality.  On the other hand, the anions reported have been found to 
be prone to decomposition at reducing potentials that are likely present on the reactive 
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metal surface [7]. For example several studies of the [NTf2]– system suggested the S–
N bond cleavage as the decomposition scheme of the [NTf2]– anion [2, 7, 84, 93] as 
shown in Equation 2–1. 
Equation 2–1   CF3SO2N–SO2CF3 + e–   SO2CF3– + NSO2CF–  
More recently, studies by Nguyen, Woo and Song suggested a different 
decomposition scheme as shown in Equation 2–2, where the initial step was shown, 
using FTIR and XPS techniques, to be cleavage of the S–C bond as opposed to S–N 
bond cleavage [94, 95]. 
Equation 2–2   CF3SO2N–SO2CF3 + e–   CF3– + SO2N–SO2CF3  
Furthermore, all evidence shows that IL fragments are likely to be further reduced into 
smaller species, and in particular fluoride containing species F– and –CF3 are formed. 
[7, 84, 93, 95], as shown in Equation 2–3 to Equation 2–6.  
Equation 2–3   SO2CF3– + e–   SO2– + CF3–  
Equation 2–4   NSO2CF3– + e–   NSO2– + CF3–  
Equation 2–5   SO2NSO2CF3– + e–   NS2O4– + CF3–  
Equation 2–6   CF3SO2NSO2CF3– + e–   F– + CF2SO2NSO2CF3–  
The products of anion breakdown can readily occur on a Mg alloy surface (E0 = – 2.7 
V vs. SHE), and are then able to further react with Mg2+, forming insoluble deposits 
on the surface (e.g. MgF2), subsequently protecting the underlying metal from free 
corrosion [7]. 
Similarly, a film–forming mechanism has been suggested following the reactions in 
Equation 2–7 to Equation 2–10 for ILs based on phosphate and phosphinate–based 
anions such as in [P6,6,6,14][dpp] [6, 7] and [P6,6,6,14][(iC8)2PO2] [12]. 
Equation 2–7   (CH3O)2PO2– + Mg2+   (CH3O)2PO2Mg+  
Equation 2–8   (CH3O)2PO2– + Mg2+ + H2O   (CH3O)2PO2Mg(OH2)+ 
Equation 2–9   (CH3O)2PO2– + Mg2+ + Cl–   (CH3O)2PO2MgCl [6, 7] 
Equation 2–10   Mg2+ + –O2PR2   (MgO2PR2)+ [12] 
The mechanisms reported for IL–Mg interactions thus far are limited to these systems. 
Further detailed analysis is required to understand and optimise this passive film 
formation. Progress in this area is made difficult by the fact that the ultra–thin films 
that predominantly form are difficult to effectively characterise. 
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2.2.7 Summary 
Ever since ILs were found to be non–corrosive to a range of engineering alloys, the 
interactions between ILs and reactive metals have attracted increasing research 
attention [1, 2]. In the meantime, on–going research on using ILs as safer alternative 
battery electrolytes has led to the discovery of a beneficial SEI, which formed on 
lithium electrodes [1, 2]. Thus, in the last decade, a number of studies have 
investigated the passivation of reactive metals such as magnesium and its alloys in IL 
media. The variety of assessment methods employed for evaluating the corrosion 
performance of Mg and its alloys makes comparing different techniques rather 
subjective. Thus it is difficult to effectively summarise and present all the available 
knowledge in a simple manner. Table 2–1 provides comparative information for most 
of the literature reviewed here, indicating methods of IL treatment and corrosion 
property assessment along with corrosion performance relative to that of the untreated 
control. 
Initial studies confirmed an improvement in corrosion resistance from the formation 
of a passivating surface film when simple immersion treatment was performed in 
[P6,6,6,14][NTf2] IL. These surface films were by no means defect–free and the film 
formation mechanisms were not well understood [5, 47]. Therefore, research 
proceeded to investigate the importance of the roles of the IL chemistry, the treatment 
time, the temperature, the water content of the IL and the alloy microstructure. It was 
determined that fluorinated and organophosphate ([P6,6,6,14][NTf2] and [P6,6,6,14][dpp]) 
ILs are among the best performers. Studies have also shown that there is a critical 
treatment time, since prolonged treatment often led to thick, poorly protective films 
with cracks. The presence of equilibrium amounts of water and treatment at 50 °C 
improved the quality and subsequent corrosion protectiveness of the film [6, 8-12, 14]. 
The intrinsic heterogeneity of magnesium alloys poses a major challenge in generating 
uniform IL films. Several pretreatment methods have been proposed to homogenise 
the surface prior to IL treatment. These include applying a potential bias and acid 
pickling, both of which successfully homogenised the alloy surface and promoted 
uniform film deposition [5]. However, there is still a need to fine–tune these 
parameters. 
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Thus it appears that a new generation of surface treatments for reactive metals such as 
magnesium and aluminium and their alloys may become available from ionic–liquid 
based processes. An ability to self–heal is a particularly exciting prospect, however, 
there is much yet to learn about the chemistry of film formation and the processes that 
might optimise the structure and properties of the films. It is hoped that with a wider 
involvement of researchers and a greater variety of characterisation expertise, further 
advances in this field will be forthcoming in the near future. 
Table 2–1 Summary of IL treatments on Mg for corrosion protection 
Ref. IL Treatment Film properties Corrosion Performance 
Tests Used 
Corrosion Protection 
Enhancement 
[5] Immersion in 
[P6,6,6,14][NTf2], 
AZ31 
Self–repairing PP in 0.1 M NaCl, 10 
mV s–1; OCP and 
electrochemical 
impedance 
spectroscopy (EIS) in 
0.01 M NaCl; exposure 
to 100% humidity 
Better than the 
untreated control 
sample; a 50–fold 
reduction in icorr in 
PP 
[47] Immersion in 
[P6,6,6,14][NTf2], 
pure Mg 
Adherent surface film 
of ≤ 100 nm thick 
PP in 0.1 M NaCl; 
immersion in 0.1 M 
NaCl 
Better corrosion 
resistance (≤ 2 h 
treatment) than the 
control 
 
[6] 
 
Immersion in 
[P6,6,6,14][(iC8)2PO2]
, AZ31 
Nanometre thick thin 
film 
OCP, EIS, immersion 
in 0.01 M NaCl 
 
Stable OCP and 
higher low–
frequency resistance 
for sample treated 
with IL (5.8% water 
content) at 50 °C for 
10 min compared to 
the control 
[3] 
 
Immersion in 
[P6,6,6,14][NTf2], 
AZ31 
Multilayered thin film 
with metal fluoride and 
oxide/hydroxide inner 
layer, IL component–
filled outer layer; ‘self–
healing’  
Immersion in 0.1 M 
NaCl, 
PP in 0.1 M NaCl 
Ennobled Ecorr and 
almost an order of 
magnitude lower icorr 
in PP test compared 
to untreated control 
[4] 
 
Immersion in 6 
phosphonium ILs 
with phosphorous 
based anions, 
ZE41 
N/A Immersion in 3.5 wt.% 
NaCl 
Reduced corrosion 
area and depth on 
the [P6,6,6,14][dpp] 
treated surface 
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[7] 
 
Immersion in 
[P6,6,6,14][dpp], 
[P6,6,6,14][NTf2], 
ZE41 
Heterogeneous film 
deposition by 
[P6,6,6,14][dpp], no 
obvious film deposition 
by [P6,6,6,14][NTf2] 
N/A N/A 
[8] 
 
Immersion for 24h 
under the bias of 0 
V, 100 mV, – 100 
mV, or – 200 mV 
vs OCP in 
[P6,6,6,14][dpp], 
ZE41 
Highly heterogeneous 
film deposits next to 
the grand boundary and 
no apparent interaction 
on the intermetallic 
surfaces 
Immersion in 0.001 M 
NaCl 
Significant 
protection against 
pitting, particularly 
within α phase, by 
IL treatment with – 
200 mV bias 
[10] Immersion in 
[P6,6,6,14][(iC8)2PO2]
, under CV to 0 V, 
0.25 V and 0.5 V, 
and constant biases 
of 0 V, ± 100 mV 
(all potentials vs. 
Ag/AgCl), ZE41 
A composite of the IL 
anion components and 
the native Mg 
oxide/hydroxide of 10 
– 100 nm thick 
Immersion and EIS in 
0.1 M NaCl 
Better corrosion 
resistance on  
CV to 0 V and 0.25 
V protective, much 
less corrosion on 
sample treated under 
100 mV constant 
biasing after 
immersion in 0.1 M 
NaCl 
[13] Immersion in 
[P6,6,6,14][NTf2] with 
or without 
pretreatments (acid 
activation and 
alkaline 
conditioning) prior 
to immersion in 
[P6,6,6,14][NTf2], 
ZE41 
Without treatment, a 
natural IL film of 
oxides, hydroxides and 
carbonates; with 
pretreatments, a thicker 
oxide–dominated film 
with IL–derived 
species 
PP in 0.01 M NaCl   
(pH 6) 
Significant decrease 
in corrosion rate, 
particularly on 
samples pretreated 
prior to immersion 
in [P6,6,6,14][NTf2] 
[11] Immersion under 
constant current 
density of 0.07 mA 
cm–2 in 
[P6,6,6,14][(iC8)2PO2]
, AZ31 
80 nm think film N/A N/A 
[12] Immersion under a 
constant current of 
0.05, 0.1, 0.5 mA 
cm–2 till the 
potential reaches 
18V in 
[P6,6,6,14][(iC8)2PO2]
, with or without 
pickling prior to 
immersion, AZ31 
More uniform film 
deposition with 
pickling prior to 
treatment in the IL 
PP and EIS in 0.01 M 
NaCl 
 
Pickled and pickled 
then anodised 
samples have lower 
corrosion rates than 
the as–polished 
anodised sample and 
the control sample 
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2.3 Research Chapters Overview 
Research question: Can ionic liquids (ILs) be used to form protective films on 
aluminium alloys, and what is the role of the treatment conditions and the alloy 
microstructure on the film formation mechanism? 
This thesis consists of two research chapters: Chapter 4 and Chapter 5. Chapter 4 
focuses on investigating the interaction between the commercially available 
[P6,6,6,14][NTf2] IL and the AA5083 alloy under an anodic potential bias. In Chapter 5, 
the second most studied IL ([P6,6,6,14][dpp]), in terms of corrosion protection of 
magnesium, has been employed in an attempt to form a corrosion–protecting surface 
film on the AA5083 alloy, under both cathodic and anodic polarisation. 
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3 EXPERIMENTAL METHODOLOGY 
3.1 Materials 
3.1.1 AA5083 Aluminium Alloy 
AA5083–H112 aluminium alloy was purchased from Capral Ltd. in the form of 6 mm 
thick ‘as–rolled’ plates, the elemental composition (See Appendix I) of which was 
given by the manufacturer and is listed in Table 3–1. No heat treatments were 
performed on the alloy upon receiving it. Test specimens were cut from the cross–
section of the plate, to ensure a uniform and consistent microstructure. Figure 3–1 is a 
SEM micrograph showing the microstructure of the alloy cross–section, which 
consists of two main types of intermetallic inclusions, Mg2Si and Fe–rich 
intermetallics including Al(Mn, Fe) and Al(Mn,Fe,Cr,Si). 
Table 3–1 Elemental composition of AA5083–H112 from Capral Ltd. 
Element Si Fe Cu Mn Mg Cr Zn Ti 
Others 
Al Each Total 
Content (wt. %) 0.11 0.28 0.03 0.71 4.4 0.07 0 0.05 <0.05 <0.15 94.23–94.33 
 
 
Figure 3–1 Microstructure of the AA5083–H112 aluminium alloy. 
 
The 6 mm plate of AA5083 was cut into two sizes of samples (Figure 3–2): small 
samples of 0.5 cm x 0.5 cm x 0.6 cm were mounted in epoxy and used for 
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electrochemical tests; bigger flat samples of 1.5 cm x 1.5 cm x 0.6 cm were employed 
for surface characterisation. Epoxy–mounted samples were prepared by attaching an 
electrical wire to the alloy with a conductive copper adhesive tape (3M Copper Foil 
Shielding Tape 1181) and cold–mounted in Struers EpoFix epoxy resin. 
 
Figure 3–2 Photo of an epoxy–mounted sample (left) and a flat sample (right). 
 
Surfaces of the samples were prepared via the exact same routine before each test to 
ensure reproducibility and reliability of the tests.  
Epoxy–mounted specimens were abraded to a P2500 surface finish on SiC abrasive 
papers under running distilled water, followed by abrading on P4000 SiC paper using 
ethanol as the lubricant. Between papers and after polishing, the surfaces were rinsed 
with deionised water and ethanol and then dried under a stream of nitrogen.  
Flat samples underwent a further step, which involves polishing with Struers DP–
Paste diamond paste 3 µm and 1 µm, respectively, on a Buehler MicroCloth polishing 
cloth with ethanol as lubricant. After each polish, samples were rinsed with ethanol 
and dried under a nitrogen gas stream. 
All specimens were allowed to stabilise in a desiccator for at least 1 hour before any 
electrochemical experiments were performed. All surfaces after being in contact with 
IL were rinsed with acetone and dried with nitrogen gas, before any subsequent 
characterisation. 
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3.1.2 Glassy Carbon 
Glassy carbon SIGRADUR® G glassy carbon plates used in this study were obtained 
from HTW Germany. Before each test, the glassy carbon electrode was cleaned by 
polishing on a Buehler MicroCloth with 0.025 µm alumina particles present in the 
deionised water, which was followed by polishing on a clean MicroCloth with water. 
 
3.1.3 Ionic Liquids 
The [P6,6,6,14][NTf2] ionic liquid (structure shown in Figure 1–1) was purchased from 
IoLiTec, GmbH, Germany with a purity of > 99%, which has an electrochemical 
window of at least – 1.6 to 1 V vs. SHE [1, 17, 84]. The IL was always purified before 
use, by dissolving it in high purity liquid chromatography (HPLC) grade acetone and 
stirring with activated charcoal overnight. Then the solution was passed through a 
column containing Celpure P300 purification agent, basic activated alumina, and sand. 
Finally, the product was filtered first through a No. 2 Filter Paper from ADVANTEC 
MFS, Inc. and secondly through a regenerated cellulose membrane filter dried on a 
rotary evaporator and subsequently on a Schlenk line and stored in a desiccator. Karl–
Fischer titration (a Metrohm KF830 Coulometer) showed that approximately 400 ppm 
of water was still consistently present in the IL after purification. The experiments 
were conducted open to the atmosphere with the total duration being 15 minutes. 
Given that this ionic liquid is not strongly hydrophilic it is unlikely that the water 
content would exceed 400 – 600 ppm range [47]. 
The [P6,6,6,14][dpp] ionic liquid (structure shown in Figure 1–2) was made in our lab by 
Dr. Jiazeng Sun using starting materials trihexyl(tetradecyl)phosphonium chloride 
([P6,6,6,14][Cl]) and diphenyl phosphate (HDPP). During production, the IL was 
washed 3 times with sodium hydroxide until the waste water was tested to be pH 
neutral; therefore it was not likely to contain any residual acid. It was dried on a 
vacuum line to a low water content of around 100 ppm before use without any 
purification process like in the case of the [P6,6,6,14][NTf2] IL, because of its high 
purity. The influence of water in the IL on the treatment was explored by having ILs 
with a range of water content, between 100 ppm and 2000 ppm, achieved by leaving 
the dried IL out of the desiccator in the ambient environment for a period of time, 
until Karl–Fischer readings show the desired water content in the IL.  
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3.1.4 Diluted Ionic Liquids 
Passivation of Mg has proven unaffected by the dilution of the ILs [11]. The same 
dilution with acetonitrile have been carried out in the [P6,6,6,14][NTf2] system to 
determine the effect of the concentration of the IL molecules in the reactions between 
IL and AA5083. In those experiments, the IL was diluted with HPLC grade 
acetonitrile to make IL–acetonitrile solutions. Table 3–2 lists all the diluted IL 
solutions used in studies. 
Table 3–2 Diluted IL solutions. 
Solution Solvent Concentration of [P6,6,6,14][NTf2] 
1 Acetonitrile 0.01 M 
2 Acetonitrile 0.1 M 
 
3.2 Pipette Cells 
Photos of a purpose–made pipette cell and its components are shown in Figure 3–3, 
which was also described in detail in previously published work [10], was employed 
in all electrochemical tests involving ionic liquids. It consists of a pipette and a pair of 
clamps that clamps the pipette onto the substrate, giving a sealed area. This set–up 
defines an active surface area of 50 ± 6 mm2, determined by the bottom area of the 
pipette. Before each experiment, approximately 0.3 ml of IL was injected into the cell 
through a pre–drilled hole in the pipette wall. Due to the small scale of the cell, 
platinum wire was used as a pseudo–reference electrode. The potential of the Pt wire 
in the IL was monitored in the IL in the presence of an AA5083 specimen and found 
to be stable in [P6,6,6,14][NTf2] and [P6,6,6,14][dpp] over a 24 h period (See Appendix II). 
Calibration of the Pt wire potential in the IL was performed by referencing to the half–
wave potential of ferrocene in a 20 mM Ferrocene–IL solution. The Pt wire pseudo–
reference potential in the [P6,6,6,14][NTf2] IL and the [P6,6,6,14][dpp] IL was referred to 
the redox potential of ferrocene, – 0.52 V vs. Fc0/+ and – 0.78 V vs. Fc0/+, respectively 
(Appendix III) [96]. The counter electrode was a spot–welded titanium mesh. 
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Figure 3–3 a) The purpose–made pipette cell for electrochemical tests, and b) its components, 
from left to right: Pt pseudo–reference electrode, spot–welded Ti–mesh counter electrode, pipette 
tip, plastic cap with pre–cut voids to hold counter electrode and reference electrode in place. 
 
3.3 Electrochemical Tests 
3.3.1 Cyclic Voltammetry (CV) 
Cyclic voltammetry (CV) is a voltammetric technique belonging to the group of linear 
potential sweet chronoamperometric techniques. It is frequently used because it 
provides insights into both kinetic and thermodynamic aspects of the system [97, 98]. 
A Biologic VMP3/Z potentiostat equipped with ECLab software (versions V10.10 to 
V10.32) was used for all electrochemical tests in this study. Cyclic voltammograms of 
the substrates (glassy carbon and AA5083) was carried out in [P6,6,6,14][NTf2] and in 
[P6,6,6,14][dpp]  between OCP and 3 V vs. Pt and OCP to – 3 V vs. Pt at 100 mV s–1 in 
a pipette cell inside a Faraday cage. After all the IL treatment, the surface was rinsed 
with acetone and dried under a nitrogen gas stream. 
 
3.3.2 2–step Anodic Treatment 
2–step anodic treatments include first step chronopotentiometry (CP) and second step 
chronoamperometry (CA) and were conducted in a pipette cell a Biologic VMP3/Z 
potentiostat with ECLab software (versions V10.10 to V10.32). It involves applying a 
constant current density until the potential of the sample ramps to the preselected 
maximum, which was followed by holding at this limiting potential for a period of 
time. Limiting potentials of 6 V were employed for [P6,6,6,14][NTf2] study, while 
4 2    C H 3  E X P E R I M E N T A L  M E T H O D O L O G Y  
 
 
limiting potential of 18 V was used for [P6,6,6,14][dpp] study. 2–step anodic treatment 
was applied to both flat samples for surface characterisation and epoxy–mounted 
samples for subsequent corrosion tests. 
 
3.3.3 Constant Cathodic Potential Polarisation 
The ability of the [P6,6,6,14][dpp] IL in changing the electrochemical characteristic 
under both cathodic and anodic polarisation, as shown in the CV study, led to possible 
polarisation to stimulate film formation. Following the 2–step anodic treatment, 
analogous to industrial anodising of Al, forms non–uniform and porous film on 
AA5083, alternative polarisation routines are explored. The method of applying a 
small potentiostatic control to the alloy while in contact with the IL has been shown to 
promote uniform film formation on Mg [8]. Small static cathodic potentials (– 100 
mV and – 200 mV vs. Pt) were applied to samples exposed to the [P6,6,6,14][dpp] IL. 
 
3.3.4 Potentiodynamic Polarisation (PP) 
Potentiodynamic polarisation is a widespread corrosion investigation method that 
involves holding a sample at various potentials and measuring the applied current in 
order for it to stay at each of the potential. It is important for the potential to stay 
within 1 mV at each potential scanned. Therefore, the standard potentiostatic sweep 
rate of 0.1667 mV s–1 is often used in PP tests [99]. PP curves can be obtained via one 
single sweep across the potential range of interest. The applied current and potential 
are simultaneously recorded throughout the test, which can be used to construct a 
Tafel plot [50], e.g. logarithm of applied current vs. potential diagram. Generally 
speaking, a polarisation curve exhibits linearity on the Tafel plot at approximately 50 
mV more active than the corrosion potential Ecorr [18]. This region of linearity is 
referred to as the Tafel region. Extrapolation of these regions is performed on the 
curves to the corrosion potential, at which potential the metal dissolution rate equals 
with the oxygen reduction rate and the corrosion current density icorr obtained 
corresponds to the corrosion rate of the metal in the environment. The pitting potential 
Ebr can be identified as the point at which current density rise abruptly and the sample 
corrodes away freely. 
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PP scans of both the as–polished control and the IL–treated specimens were 
performed in 0.1 M NaCl solution (pH 7), using a traditional 3–electrode cell and a 
Biologic VMP3.Z potentiostat. The specimen was allowed to stabilise at OCP for 30 
min, before the potential was scanned from – 200 mV vs. OCP (vs. SCE) to 500 mV 
vs. OCP (vs. SCE), at a ramp rate of 0.1667 mV s–1, in accordance with ASTM 
Standard G 59 – 97. A saturated calomel reference electrode (SCE) was used. Tafel 
extrapolation was performed on all raw data, approximately ± 50 mV vs. SCE on 
either side of Ecorr, to obtain values of the free corrosion potential Ecorr, corrosion 
current density icorr, and breakdown potential Ebr. All tests were performed in 
triplicate to ensure the reproducibility of the data. 
 
Figure 3–4 The conventional 3–electrode cell used in all PP measurements. 
 
3.4 Surface Characterisation 
3.4.1 Optical Microscopy 
The optical microscope, being a simple instrument, enables direct observation of the 
surface structures that are below the resolving power of the human eye (0.1 mm) 
[100]. It is used primarily for time–efficient observation of the resultant surface after 
various IL treatments. Optical micrographs were obtained using a Motic BA300 POL 
Polarising Microscope or a Leica MZ6 modular stereomicroscope. 
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3.4.2 Optical Profilometry 
Optical profilometry is widely used to precisely characterise the surface profile 
without mechanical contact, the working principles of which has been described in a 
study by Dupuy [101]. It is ideal for examine the resultant surface without possibly 
damaging it. Optical profilometry images were taken with the Veeco Contour GT–K1 
Optical Profilometer using Vision 64 software. A tilt removal filter was applied to the 
raw data. Mean roughness values (Ra) were the average roughness calculated over the 
entire measured array, which is in sensitive to difference between peaks and valleys. 
 
3.4.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X–Ray 
Spectroscopy (EDXS) 
Two scanning electron microscopes were used to collect micrographs present in this 
thesis. A Phillips XL 20 microscope was used to collect the SEM micrographs in 
EDXS studies. A Leo 1530 FEG microscope was also used and is indicated along the 
SEM micrograph obtained with it. 
EDXS was performed to obtain elemental information of the surfaces; for instance, 
whether characteristic elements from the IL are present on the IL–treated surface. 
However, care should be taken in terms of acceleration voltage and subsequent 
interacting volume. Because of the thin nature of the IL film, it might be hidden by the 
strong signal from the matrix. EDXS spectra were obtained with an X–Max® X–ray 
detector and analysed with the Oxford EDXS Aztec software. All SEM micrographs 
and EDXS spectra were obtained under 5 keV accelerating potential and at a 12 mm 
working distance. The SEM micrographs in EDXS studies were obtained using a 
Phillips XL 20 microscope. 
 
3.4.4 Focused Ion–Beam Scanning Electron Microscopy (FIB SEM) 
FIB–SEM could offer direct observation of the cross–section of the alloy sample, 
owing to its ability to mill through the surface with the focused ion beam. It has been 
used in the field of characterising tribology films [102] and a thin IL film on Mg [11]. 
FIB–SEM was performed on a FEI Quanta 3D FEG FIB–SEM instrument. A platinum 
layer was deposited onto the surface prior to any sectioning to minimize the 
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shadowing effect from the rounded edge. The platinum was deposited from the 
compound (trimethyl)methylcyclopentadienyl platinum (IV) at an accelerating voltage 
of 30 keV and a current of 6 pA um–2. A focused gallium ion beam was used to 
section the surface with a 3 nA current, prior to imaging using a secondary electron 
SEM at an accelerating voltage of 5 keV. 
 
3.4.5 X–Ray Photoelectron Spectroscopy (XPS) 
XPS was performed in addition to EDXS, which has a depth of analysis of 3–10 nm 
compared to 1 µm of EDXS [103], to obtain more surface–sensitive elemental 
information of the IL–treated surfaces. XPS spectra were acquired on a Kratos AXIS 
Ultra imaging XPS spectrometer. An aluminium monochromated Al Kα x–ray 
operating at 10 mA and 15 kV (150 W) was focused on the sample surface. Survey 
spectra were acquired at 160 eV pass energy and high–resolution region spectra were 
acquired at 20 eV pass energy. The instrument vacuum was maintained at ~ 1.2 × 10–8 
torr. Instrument operation and peak fitting was performed using the Casa XPS 
software. A 70 : 30 Gaussian : Lorentzian algorithm was used to fit the peaks to obtain 
quantitative results. The fit produced an estimated ± 10 % error in the atomic 
concentration determined for each peak. 
 
3.4.6 Time of Flight Secondary Ion Mass Spectroscopy (ToF–SIMS) 
The use of ToF–SIMS allows simultaneous recording of emitted molecules of a wide 
range of masses as well as enables analysis of the topmost monolayer of the substrate 
in terms of its chemistry [104]. While EDX and XPS both reveal the presence of the 
IL and its components, ToF–SIMS is able to demonstrate the molecules of interest, 
e.g. intact IL anions and cations or their breakdown components. It has been 
successfully used to characterise the IL film on Mg [12]. It was performed at La Trobe 
University on a Munster ION–TOF ToF–SIMs IV using a Bi3+ ion gun over a 200 µm 
x 200 µm area with the assistance of Anthony Somers and Robert Jones. 
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4 ELECTROCHEMICAL TREATMENT OF 
AA5083 IN [P6,6,6,14][NTf2]  
4.1 Chapter Overview 
As previously discussed in the literature review, using ILs for corrosion protection of 
reactive metals is relatively new. Although some work has been carried out on Mg and 
its alloys and the formation of a corrosion protective film on Mg has been 
demonstrated, much less is known about how aluminium reacts with target ILs, 
especially the ones proven to provide corrosion protection in the Mg system. This 
study focuses on electrochemically treating AA5083 aluminium alloy in the presence 
of a [P6,6,6,14][NTf2] IL and characterising the resultant surface, since treatment with 
biasing was found to produce a more corrosion resistant surface on Mg alloys [8, 10]. 
In this work, a two–step anodic treatment was developed, based on previous work 
with Mg alloy AZ31 [11]. Both the as–polished control samples and IL–treated 
samples were subjected to potentiodynamic polarisation (PP) testing to determine the 
corrosion resistance. Scanning electron microscopy (SEM) and focused ion beam 
scanning electron microscopy (FIB SEM) were used to view the morphology of the 
treated surfaces. Energy dispersive X–ray spectroscopy (EDXS) and X–ray 
photoelectron spectroscopy (XPS) studies were also performed to understand the 
nature of the interactions between the alloy and the IL. As it turned out, aluminium 
reacts quite differently with this particular IL under the same treatment conditions. 
Instead of forming a film onto the alloy surface, an electrochemical etching process 
occurred, analogous to acid etching on aluminium alloys, resulting in an 
electrochemically homogenised surface with enhanced oxide film and metal fluorides 
at the anodic intermetallics that was more resistant to corrosive media. As previously 
described in Section 3.1.3, the water content of the [P6,6,6,14][NTf2] IL is between 400 
ppm and 600 ppm, unless otherwise stated. 
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4.2 Results and Discussion 
4.2.1 Cyclic Voltammetry (CV) 
Figure 4–1 reports on the electrochemical behaviour of the AA5083 alloy cycled in 
[P6,6,6,14][NTf2] in the anodic direction from OCP, and compares this to the 
electrochemical behaviour of the IL itself on an inert substrate, i.e. glassy carbon. The 
data supports a significant dissolution of the alloy on the first cycle as seen by the 
high current densities reached and then a subsequent reduction in this process on the 
reverse scan and also all following scans. This suggests that the anodic process 
(presumably dissolution of Al) is suppressed in the ionic liquid.  On the other hand, 
the electrochemistry on a glassy carbon electrode indicated a significant oxidation 
process starting at approximately 1.5 V vs. Pt and this was not limited in any way, 
suggesting this was oxidation of the IL itself.  This has previously been assigned to 
the oxidation of the [NTf2]– anion [17].  
Prior work on Mg alloys has suggested that the suppression of anodic currents in 
subsequent cycling in ILs is due to formation of a surface film between the Mg and 
the IL components [11, 14].  In this work we will show that this is not the case and 
instead the AA5083 surface is modified such that it is less reactive in the IL.  
 
Figure 4–1 Cyclic voltammograms of glassy carbon and AA5083 in [P6,6,6,14][NTf2] (OCP to 2V vs. 
Pt at 100 mV s–1 for 5 cycles). 
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4.2.2 2–step Anodic Treatment 
The heterogeneity present in the alloy microstructure is likely to result in a non–
uniform surface after the IL surface treatment [8]. However, application of a potential 
bias has been found to promote uniform film formation on Mg alloys in IL media [8, 
10]. A 2–step anodic treatment was specifically developed, based on the anodising 
widely performed on aluminium to improve corrosion resistance and adhesion [105]. 
This process involves applying a constant current density until the sample potential 
reached a preselected limit, after which the potential was held at the limiting potential 
for specified period of time. Owing to laboratory instrument limitations, the current 
densities and limiting potentials were much smaller than those used in industrial 
practice. A constant current density of 2 mA cm–2 was imposed until the potential 
reached 6 V vs. Pt, which was followed by holding at 6 V vs. Pt for 15 minutes, as 
shown in Figure 4–2. These initial parameters were chosen based on both previous 
work in our group on anodising Mg AZ31 in ILs [11] and on preliminary screening 
experiments which were not shown here. It is worth noting that the anodising slope (2 
V s–1) in the constant current density step (Figure 4–2a) is comparable to that reported 
in the initial stage of anodising in an aqueous system (around 1.6 V s–1), which has 
been associated with Al dissolution and the formation of a barrier or oxide film [106]. 
All of the samples characterised in this study were pretreated using this procedure. 
During the constant potential step, there was an initial drastic decrease in current 
density; the current density then remained low (around 0.2 mA cm–2) during the 15–
minute period when the sample was polarised to 6 V vs. Pt, rather than corroding 
freely under the anodic potential bias. This is a further indication of the formation and 
subsequent thickening of the oxide film. 
5 0    C H 4  E L E C T R O C H E M I C A L  T R E A T M E N T  O F  A A 5 0 8 3  I N  [ P 6 , 6 , 6 , 1 4 ] [ N T F 2 ]  
 
 
 
Figure 4–2 The 2–step treatment undertaken a) applying a constant current density of 2 mA cm–2 
until the potential reached 6 V vs. Pt, b) applying a constant potential of 6 V vs. Pt and hold at 6 
V vs. Pt for 15 min. 
 
4.2.3 Surface Characterisation 
Figure 4–3 shows SEM micrographs of a specimen treated via the procedure 
described in Figure 4–2. Comparison of the untreated surface (left) and treated surface 
(right) in Figure 4–3a clearly shows that the IL treatment completely changed the 
surface morphology, in particular by attacking the IMPs and polishing marks, 
probably because of the high energy state of those sites. A more detailed image is 
shown in Figure 4–3b, which is representative of the features shown in Figure 4–3a. It 
suggests the presence of a thin film (< 50 nm) on the Mg–rich secondary phase, which 
has previously been reported [11, 47]. There are cavities, around 1 μm in size (see 
Figure 4–3b), created on the surface during the treatment. This is probably caused by 
a low level of continuous dissolution of Al during the constant potential stage of the 
treatment, and explains why the steady low current was observed in the constant 
potential stage. The cavities appear to be covered by a thin film which has ruptured in 
all cases. As evident in Figure 4–3a, these cavities seem to be present all over the 
treated surface but also dominate along defects, e.g. polishing scratches on the 
surface. EDXS data indicated that the surface film over these cavities consisted mostly 
of Mg, Al, and O and did not show any elements from the IL. The rupture is most 
likely due to the evolution of O2 gas that would result from the reduction of the water 
present in the ionic liquid. 
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Figure 4–3 SEM micrographs (obtained with a Leo 1530 FEG microscope) of the surface treated 
in [P6,6,6,14][NTf2] via the routine described in Figure 4–2. The left–hand region of (a) is untreated 
surface; the right–hand region is treated. 
 
Elemental composition analysis was performed using EDXS on the surface. Figure 4–
4a shows the SEM micrograph of the AA5083 surface after the IL 2–step treatment, 
where the Mg–rich intermetallics are indicated. The Mg–rich IMPs had a Mg/Si ratio 
of around 1.6 (Figure 4–4c), on the as–polished control AA5083 surface, which was 
close to the reported value of 2 [29]. However, after the IL treatment, there was a 
decrease in the Mg/Si ratio (Figure 4–4b). Three main differences are apparent 
between the treated and untreated surfaces.  Firstly, the Mg/Si ratio is decreased from 
1.6 to 1.2 indicating dealloying of the Mg2Si particles.  The increase of F and O 
clearly indicates some level of [NTf2]– anion decomposition, resulting in film 
formation. The large increase in O also indicates oxide film formation, possibly as a 
result of H2O oxidation. A similar decrease in Mg/Si was also reported after acid 
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etching of an Al–Mg–Si alloy [107]. Thus, the IL treatment is thought to involve an 
electrochemical etching process. According to the certificate of composition 
(Appendix I), AA5083 alloy does not contain fluorine, hence the fluorine must have 
been formed on the surface during the pretreatment. This was probably a result of 
metal ions (Al3+ and Mg2+) from alloy dissolution, and fluoride ions from IL 
decomposition combining with each other and forming insoluble metal fluorides; the 
formation of insoluble metal fluorides has also been reported on IL–treated Mg 
surfaces [5, 7]. 
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Figure 4–4 a) SEM micrograph (obtained with a Leo 1530 FEG microscope), EDXS spectrum of 
the Mg–rich IMP on the IL–treated surface, as indicated, b) of the 2–step IL treated surface, c) 
the untreated surface. 
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Figure 4–5a shows the XPS survey scan of AA5083 treated in [P6,6,6,14][NTf2] by the 
2–step anodic treatment. The position and atomic percentage of each element detected 
are shown in Table 4–1. The surface elemental composition changed substantially 
compared to the as–received AA5083 alloy. There is more carbon and oxygen present 
on the surface, which likely could be from the formation of metal oxide and hydroxide 
as well as the adsorption of IL constituents onto the surface during the treatment. 
Additionally, in agreement with the EDXS result, fluorine was detected on the treated 
sample. Figure 4–5b shows the fluorine 1s XPS region scan; the peak position is 686.0 
eV. The fluorine 1s peak for the [P6,6,6,14][NTf2] IL is at 688.7 eV [102]. The shift in 
the fluorine peak binding energy was probably the result of the formation of metal 
fluorides (MgF2 and AlF3). Based on the XPS analysis and previous studies [15, 16], 
the reaction mechanism of the IL and the alloy substrate under anodic polarisation 
appears to involve oxidation of the metal species (Mg2+ and Al3+) as well as 
decomposition of the [NTf2]– anion. The [NTf2]– decomposition products react at the 
metal surface to form metal fluorides and oxides, which are bonded to the surface and 
deliver enhanced corrosion resistance. 
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Figure 4–5 a) XPS survey spectrum and b) F 1s XPS region scan of AA5083 treated in 
[P6,6,6,14][NTf2] by the 2–step anodic treatment. 
 
Table 4–1 Peak positions and at.% of elements found in XPS survey for AA5083 treated in 
[P6,6,6,14][NTf2] by the 2–step anodic treatment. 
Element Position (eV) at.% 
C 1s 285.0 31.07 
O 1s 531.5 43.00 
Al 2p 75.1 22.33 
Si 2p 102.1 2.68 
F 1s 686.0 0.63 
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FIB SEM analysis of the IL–treated surface shown in Figure 4–6 indicated that 
platinum deposits had filled the cavities and the depth of the cavities was observed to 
be less than 1 μm. The SEM micrograph shows that there was no observable surface 
film deposited by the 2–step anodic treatment. This contrasts with the thin film (< 100 
nm) previously observed on IL–treated Mg surfaces [12]. This demonstrates that the 
2–step anodic treatment of AA5083, in [P6,6,6,14][NTf2], is likely dominated by an 
electrochemical etching process, which removed the high energy sites (i.e. Mg–rich 
IMPs and polishing marks) that are prone to localised corrosion. The resultant surface 
is covered by an enhanced oxide film and metal fluorides at the remaining of Mg–rich 
IMP sites. 
 
Figure 4–6 FIB SEM micrograph of the cross–section of the [P6,6,6,14][NTf2] IL–treated surface. 
 
Diluted ILs were used to better understand the role that the IL plays in the 
electrochemical etching of AA5083 alloy. Solutions of 0.01 mol l–1 and 0.1 mol l–1 
[P6,6,6,14][NTf2] IL in acetonitrile, an inert solvent in which the ILs are highly soluble, 
were prepared. The same electrochemical treatment was carried out on AA5083 
specimens in the diluted and ‘neat’ (undiluted) [P6,6,6,14][NTf2] electrolytes. The 
resultant surfaces were examined with an optical microscope. Figure 4–7 shows that 
the resultant surface morphology seems to be IL–concentration dependent. Low IL 
concentration led to larger defects, whereas higher IL–concentration resulted in a 
larger number of smaller defects and more uniform surface.  
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Figure 4–7 AA5083 surfaces after 2–step anodic treatments in (a) 0.01 M and (b) 0.1 M 
[P6,6,6,14][NTf2]in acetonitrile, and (c) ‘neat’ IL. 
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4.2.4 Potentiodynamic Polarisation (PP) 
PP tests were performed on the resultant surfaces to assess the degree of corrosion 
protection imparted by the IL treatments. Figure 4–8 shows scans of the control 
specimen and specimens treated with ILs at various concentrations. Values of the 
corrosion potential Ecorr, the corrosion current density icorr (listed in Table 4–2) were 
obtained by performing Tafel analysis on the obtained PP curves. The breakdown 
potential Ebr was identified on the PP curve where free corrosion took place indicated 
by sudden increase of the current density. For all IL concentrations used, the 2–step 
anodic treatment in [P6,6,6,14][NTf2] decreased icorr for all treated specimens. The 
anodic current density was also reduced for all of the IL–treated specimens, compared 
to that of the control sample. In addition, Ecorr of the treated specimens was shifted to 
a more noble potential by 50 – 100 mV vs. SCE, and Ebr was shifted to more positive 
values by 12 – 37 mV vs. SCE. However, the treatment was not effective in inhibiting 
the cathodic reaction, as similar (if not higher) cathodic current densities were 
observed on the IL–treated specimens. Importantly, it is clear that the distinct 
enhancement in corrosion properties is IL–concentration dependent. In addition, the 
oscillation seen in the PP curves is attributed to the presence of pitting processes. 
These processes are not as evident in the treated samples [32]. Therefore, the sample 
treated with the ‘neat’ IL seemed to be the least prone to corrosion in the aggressive 
environment, showing the largest shift of Ecorr and Ebr to more positive values, and the 
largest drop in anodic corrosion kinetics. 
According to EDXS analysis, Mg was dealloyed from the Mg2Si IMPs during the 
anodic treatment. Metal ions (Al3+ and Mg2+) combined with fluoride ions from the 
[P6,6,6,14][NTf2] IL decomposition products to form insoluble metal fluorides (MgF2 
and AlF3) [5, 7] that were formed on the remaining anodic intermetallic sites, which, 
in turn, suppressed the metal dissolution (the anodic reaction) in the 0.1 mol l–1 NaCl 
aggressive environment. As a result, the 2–step anodic treatment led to reduced anodic 
corrosion kinetics and an increase of the pitting potential. These surface reactions are 
analogous to the reactions that occur during the etching of aluminium alloys in 
phosphoric acid, where a similar improvement in corrosion resistance as well as 
analogous morphology were also observed [107]. Therefore, we conclude that the 
nature of the IL–treatment is electrochemical etching of the alloy surface. 
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Furthermore, the electrochemical etching process seemed to be dependent on IL 
concentration, as the subsequent corrosion protection was more effective with 
increasing IL concentration. The most probable reason for this is that when more IL 
molecules are available at the surface, a larger number of reaction sites are possible, 
and they are likely to reduce the electrochemical activity of the more anodic IMPs, 
compared to the less concentrated IL solutions. 
 
Figure 4–8 PP curves obtained in 0.1 M NaCl for as–polished control specimen, specimens 
treated in 0.01 M, 0.1 M and ‘neat’ [P6,6,6,14][NTf2]. 
 
Table 4–2 Ecorr, icorr and Ebr values (vs. SCE), obtained via Tafel extrapolation of PP scans. 
Sample Ecorr (mV) icorr (µA cm–2) Ebr (mV) 
Control – 777 ± 25 0.069 ± 0.010 – 668 ± 10 
0.01 M IL treated – 715 ± 25 0.067 ± 0.020 – 680 ± 10 
0.1 M IL treated – 678 ± 10 0.051 ± 0.010 – 663 ± 5 
‘neat’ IL treated – 673 ± 15 0.024 ± 0.005 – 651 ± 20 
 
To summarise, this electrochemical etching process involving ionic liquid offers an 
alternative and novel electrochemical etching method for the surface treatment of 
AA5083. The resultant surface was much more uniform in terms of the defect size and 
distribution, compared to the surfaces produced by conventional acid etching 
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processes. This means that this new IL–treatment could potentially be used to improve 
corrosion resistance of AA5083 alloy. 
4.3 Conclusions 
This study has shown that electrochemical etching was successfully performed on 
AA5083 aluminium alloy in [P6,6,6,14][NTf2] IL by applying a 2–step anodic treatment, 
which involved a constant current step followed by holding at a constant potential. 
SEM and EDXS analysis showed significant morphology and composition changes on 
the resultant surfaces that were comparable to the changes caused by acid etching. 
EDXS investigation revealed that Mg was dealloyed from the Mg2Si IMPs, along with 
metal ions from metal dissolution (Mg2+ and Al3+), which formed metal fluoride 
deposits on the remaining anodic sites. Oxide formation on the alloy surface was 
indicated by EDXS and supporting electrochemical measurements. This was shown to 
result in a decrease in anodic corrosion kinetics and overall corrosion rate in a 0.1 mol 
l–1 NaCl aqueous environment. This novel electrochemical treatment in the presence 
of the [P6,6,6,14][NTf2] IL provides a promising way to treat aluminium alloys for better 
corrosion resistance and may be used as a useful pretreatment for application prior to 
applying other corrosion protecting coatings. The new treatment is quicker and more 
uniform than the conventional acid etching processes. Importantly, these findings 
highlight the differences with our previous Mg research, in which film formation 
dominated under similar conditions. 
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5 ELECTROCHEMICAL TREATMENT OF 
AA5083 in [P6,6,6,14][DPP] 
5.1 Chapter Overview 
This chapter presents a range of electrochemical treatments on AA5083 in the 
presence of the [P6,6,6,14][dpp] IL and characterisation of the subsequent surface. 
Initially, CV scans were carried out to investigate the electrochemistry of the IL on 
both inert glassy carbon substrate and AA5083 alloy. Subsequently, more aggressive 
conditions were employed – using the 2–step anodic treatment. Characterisation 
revealed that an IL surface film that is more corrosion–resistant than the control 
surface has been deposited on the surface via this treatment. The last part of the 
chapter shows the promising corrosion improvement in sodium chloride solutions 
achieved by applying a small cathodic bias (– 100 mV and – 200 mV) in the 
[P6,6,6,14][dpp] IL. As previously described in Section 3.1.3, the water content of the IL 
was regularly tested and found to be around 100 ppm using Karl Fischer analysis 
unless otherwise stated. 
 
5.2 Electrochemistry of Glassy Carbon and AA5083 in [P6,6,6,14][dpp] 
5.2.1 Section Overview 
The electrochemical interactions between aluminium and ILs has only been 
investigated in a few studies in the field of lithium–ion batteries, which focus on the 
highly positive potential range of the aluminium current collectors under charge 
polarisation, e.g. 1.5 – 5.5 V vs. Li+/Li [15-17, 63, 65]. Their findings indicate 
oxidation of the aluminium foil and the IL anion led to formation of a composite film 
comprising the oxidation products including the stable AlF3, which, in turn, 
suppresses corrosion of the aluminium current collector [15-17]. The [P6,6,6,14][dpp] IL 
is of particular interest in terms of corrosion mitigation because of the demonstrated 
role of the [dpp]– anion as an anodic inhibitor on aluminium alloys, which reacts with 
aluminium solid solution and inhibits the anodic reaction and thus the overall 
corrosion rate [108, 109]. This section explores the electrochemistry of the 
[P6,6,6,14][dpp] IL at both anodic and cathodic potentials on glassy carbon and AA5083 
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substrates. Suppressed electrochemical activity on a variety of substrates after cyclic 
polarisation has previously been observed in both anodic and cathodic directions in IL 
electrolytes [8, 14]. The effect of water content in the IL and the influence of 
temperature have also been investigated and are discussed. 
 
5.2.2 Cyclic Voltammetry (CV) on Glassy Carbon and AA5083 
In order to separate electrochemical reactions involving both the IL and AA5083 alloy 
and reactions only involving the IL, an inert glassy carbon electrode was employed as 
a control in CV tests. CV scans were performed on glassy carbon and AA5083 in the 
presence of the [P6,6,6,14][dpp] IL between OCP and – 3 V vs. Pt as well as between 
OCP and 3 V vs. Pt for five consecutive cycles at three different scan rates: 1 mV s–1, 
10 mV s–1 and 100 mV s–1, as shown in Figure 5–1 and Figure 5–2. All peaks were 
identified using ECLab software (version V10.32), the values of which are listed in 
Table 5–1 and Table 5–2.  
As shown in Figure 5–1, the OCP of glassy carbon in the [P6,6,6,14][dpp] IL is around 
0.3 V vs. Pt. Increased scan rate results in higher recorded current for scans in both 
directions. Scans to the anodic direction, at all scan rates, shows almost zero current 
until water oxidation (Equation 5–1) occurs and the current peaks at around 1.3–1.5 V 
vs. Pt. 
Equation 5–1          
The potential of this oxidation peak stays relatively constant and does not seem to 
vary with scan rate (Table 5–1a). Its peak current, however, increases linearly with 
ν1/2, as can be seen from the similar values of iox1/ν1/2 at various scan rates (Table 5–
1b). The relationship is further confirmed by fitting of the raw data of iox and ν, as 
shown in Figure IV–1 in Appendix IV: 
   
The small increase of iox1/ν1/2 at 100 mV s–1 is likely due to slight variation of water 
content in the IL. It has been suggested that constant forward peak potential Epf and 
constant ipf/ν1/2 ratio at different scan rates indicate a reversible reaction [98]. 
Therefore, water oxidation is a reversible reaction on glassy carbon in this IL system. 
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The breaking down of the IL is shown upon further anodic scan, the potential of 
which shifts to more anodic values at higher scan rates, displaying irreversibility. 
Breaking down of the IL components is likely a complicated process involving 
significant structural changes that generate irreversible CV patterns. Furthermore, 
current decreases upon reversing the scan direction as well as in the following cycles 
of anodic CV scans, though to a smaller degree with increasing scan rate and 
compared to the anodic scans on AA5083. Interestingly, the current was also 
decreased in the subsequent cycles on the inert glassy carbon. This was also observed 
in Sun’s work [4]. The ratio of final current vs. the current of the first cycle is about 
1/3.  
 
Figure 5–1 Anodic and cathodic cyclic voltammograms of glassy carbon in [P6,6,6,14][dpp] at 
various scan rates a) 1 mV s–1, b) 10 mV s–1, c) 100 mV s–1, d) first cycle of CVs at all scan rates. 
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Figure 5–2 Anodic and cathodic cyclic voltammograms of AA5083 in [P6,6,6,14][dpp] at various 
scan rates a) 1 mV s–1, b) 10 mV s–1, c) 100 mV s–1, d) first cycle of CVs at all scan rates.  
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The cathodic scans generate a more complicated voltammetric response. There are 
three reduction limiting peaks at scan rate 1 mV s–1 and 10 mV s–1, whereas only one 
reduction peak is revealed at 100 mV s–1. Ered1 is around – 1.11 V vs. Pt at lower scan 
rates but shifts to more cathodic potentials at higher scan rates, while the current 
increase was less than ν1/2 (Table 5–1).  The relationship between current ired1 and scan 
rate ν was found, after performing fitting of the raw data (Figure IV–2 in Appendix 
IV), to be approximately: 
   
This peak is likely generated by the water reduction reaction shown as follows: 
Equation 5–2          
Similar to the first anodic peak, Ered2 and ired2/ν1/2 as well as Ered3 and ired3/ν1/2 are 
constant in value and at 1 mV s–1 and 10 mV s–1. However, these two peaks are not 
shown in the cyclic voltammogram at 100 mV s–1, possibly due to increase in 
potential to values that are out of the scan range. Thus, they qualify as quasi–
reversible reactions, which is most likely associated with some structural changes of 
the IL molecules without severe fragmentation of the main structure [98]. 
There is also an oxidation peak in the reverse cathodic scans (EOx3). The following 
current and scan rate relationship was derived from raw data fitting (Figure IV–3 in 
Appendix IV): 
   
This indicates that the current increases at a greater rate than if a linear relationship 
exists between i and ν1/2, which is often related to adsorption processes. As water 
reduction takes place (Equation 5–2), there are hydroxide ions generated during the 
forward scan of the cathodic cycle. The IL anion [dpp]– is known to adsorb on 
surfaces with excess hydroxide groups [87]. Therefore, the prominent adsorption peak 
(Equation 5–3) is only shown on the reverse scan of the cathodic CV. In addition, a 
very slight reduction in the final current is observed in subsequent cycles, with the 
highest rate of decrease seen at a scan rate of 100 mV s–1. 
Equation 5–3                  
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The same CV scans were conducted on the AA5083 alloy, and are shown in Figure 5–
2. Distinct from the glassy carbon electrode, the current on AA5083 takes off 
immediately upon anodic polarisation as a result of aluminium dissolution (Equation 
5–4). 
Equation 5–4        
The same voltammetric pattern, consisting of two partially obscured diffusive 
oxidation peaks, is observed at all scan rates. As listed in Table 5–2, their peak 
potentials shift in the anodic direction with increasing scan rate and the ipf/ν1/2 ratios 
are not constant, implying that irreversible reactions account for both peaks. Their 
current and scan rate relationship are (Figure IV–4 and Figure IV–5 in Appendix IV): 
   
and  
   
respectively. 
It is worth noting that the current densities of the anodic scans show a greater rate of 
increase with scan rate compared to that on glassy carbon, the peak current (iox) of 
which is proportional to ν0.54. The adsorption of IL components and breakdown 
products is encouraged on the alloy surface covered by oxides and hydroxides, as has 
been shown for the [P6,6,6,14][dpp] IL [87]. As mentioned previously, a linear 
relationship exists between current and scan rate in terms of adsorption (  ). 
Current iox1 and iox2, therefore, are likely the result of a combination of processes: 
aluminium dissolution, water oxidation, and reaction between AA5083 and the IL, 
and the IL breakdown. Moreover, the current drops significantly in the subsequent 
cycles of the anodic scans at all three scan rates and continues to decrease in each 
cycle that follows. In contrast with glassy carbon, where anodic scans still exhibit 
water oxidation peaks, the subsequent anodic cycles on AA5083 show almost zero 
current until the potential approaches 3 V vs. Pt. This suggests that the reactions that 
occurred in the first anodic forward scans may have resulted in changes in the surface 
properties, most likely by formation of a surface film [14, 48], thus preventing further 
electrochemical reactions from occurring.  
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There is a complete lack of peaks in the cathodic scans on AA5083, probably owing 
to the more cathodic OCP (around – 1.2 V vs. Pt.), below the water reduction 
potential, which takes place at – 1.11 V vs. Pt at 1 mV s–1 on glassy carbon. As a 
result, the water reduction peak is not observed in the cathodic voltammograms of 
AA5083. At – 3 V vs. Pt, the reduction of the IL, most likely the anion [1, 2], starts to 
occur. Similarly, the cathodic current density also falls with increasing cycles, though 
the reduction ratio is not as high as in the anodic scan. 
 
5.2.3 Influence of Water 
The influence of water was investigated by conducting anodic CV scans on the 
AA5083 alloy by using different batches of IL with water concentrations of 100 ppm, 
700 ppm and 2000 ppm, respectively. As shown in Figure 5–3, similar 
voltammograms were obtained for all scans, though higher water content supported 
higher current densities, owing to more water being available to participate in the 
water oxidation reaction. The take–off potential is the same (about – 0.7 V vs. Pt.) for 
all voltammograms, indicating that some aluminium dissolution reaction occurs under 
the anodic bias. Furthermore, additional water also makes the IL more conductive, 
which leads to the two oxidation peaks shifting to less anodic potentials. More 
prominent oxidation peaks are seen at higher water content, as a consequence of faster 
water oxidation reaction rate that, in turn, results in a greater current increase.  
Since the electrochemical reactions on AA5083 were mostly stifled after the first 
anodic CV cycle in the IL, it becomes interesting to know how this affects the 
corrosion behaviour in a corrosive environment, e.g. sodium chloride solutions. Thus, 
after anodic CV scans in the IL, PP tests were performed on the specimens in 0.1 mol 
l–1 NaCl solution. Figure 5–3 shows the collected PP curves and key parameters 
derived from them, the values of which are also listed in Table 5–4. As shown in 
Figure 5–3b, each key parameter is presented as an average value with an error bar 
derived from 3 repeats. Ecorr appears to be shifting further away from that of the 
control to the cathodic direction with increasing water content. The smallest shift of 
Ecorr and largest error in Ecorr occurs for the 100 ppm samples, for which Ecorr could 
fall on either the anodic or cathodic side of the control, as shown in Figure 5–3c.  
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Previous studies have shown non–uniform coverage of film deposits on a Mg surface 
in an IL, under similar conditions [8, 9]. The departure of Ecorr away from that of the 
control is likely an indication of how much area of the substrate is covered by the 
surface film during the treatment and the further away Ecorr is from that of the 
untreated control sample, the more the surface has been changed in terms of 
electrochemical behaviour. This correlates well with the reaction rates seen in the 
voltammograms (Figure 5–3a); IL with 2000 ppm water generates the highest current 
densities among all, which indicates more reaction sites on the surface, and thus the 
largest shift in Ecorr. However, higher reaction rates do not necessarily guarantee lower 
corrosion rate, the icorr values, which are proportional to the corrosion rates, appear to 
increase with water content and only the surface generated in 100 ppm IL resulted in 
lower corrosion rate than that of the control. The reason for this is speculated to be 
non–uniform coverage of the reaction products creating micro galvanic cells or poor 
coverage on the surface (e.g. a porous film) when more water is present. On the basis 
of the corrosion mechanism of the AA5083 alloy [66, 110-112], less intense oxygen 
reduction reaction (ORR) took place resulting in suppressed dissolution of Al in the 
matrix surrounding the cathodic intermetallics. This is confirmed by the values of 
breakdown potential Ebr, where only the 100 ppm water containing IL leads to nobler 
Ebr compared with the control. ΔE is the potential difference between Ecorr and Ebr. It 
represents the passive region under an anodic bias. All samples that have undergone 
CV exhibit similar ΔE values, which are greater than that of the control, again 
indicating that changes occurred on the surface during the CV scans that led to an 
alteration of the corrosion processes occurring on the treated surfaces. Additionally, 
both the cathodic and anodic corrosion rates, ica and ian, dropped for the 100 ppm 
sample, whereas only ica falls below that of the control for samples of higher water 
content. 
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Figure 5–3 a) Cyclic voltammograms of AA5083 in [P6,6,6,14][dpp] with water content 100 ppm 
(blue), 700 ppm (red) and 2000 ppm (green) between OCP and 3 V vs. Pt at 100 mV s–1. Arrows 
indicate the scan direction; b) PP scans in 0.1 M NaCl solution on the untreated control specimen 
(black) and on specimens undergone CV scans in [P6,6,6,14][dpp] with water content 100 ppm 
(blue), 700 ppm (red) and 2000 ppm (green), respectively; c) Ecorr, icorr and Ebr values (vs. SCE), 
obtained via Tafel extrapolation. Error bars show all the repeats. 
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Table 5–3 Ecorr, icorr, Ebr and ΔE values (vs. SCE), obtained via Tafel extrapolation PP scans on the 
untreated control sample and on samples that have undergone anodic CV in [P6,6,6,14][dpp] with 
100 ppm, 700 ppm and 2000 ppm water content. 
Specimen Ecorr (mV) icorr (µA cm–2) Ebr (mV) ΔE = Ebr – Ecorr (mV) 
Control –  750 ± 5 0.054 ± 0.010 –  678 ± 10 72 ± 15 
CV 100 ppm –  766 ± 25 0.030 ± 0.005 –  661 ± 10 105 ± 35 
CV 700 ppm  –  821 ± 10 0.112 ± 0.050 –  710 ± 5 111 ± 15 
CV 2000 ppm –  847 ± 15 0.666 ± 0.515 –  699 ± 5 148 ± 20 
 
5.2.4 Influence of Temperature 
Anodic CV scans were conducted on AA5083 at room temperature (25 °C) and 50 °C, 
as shown in Figure 5–4a. A much higher current density was recorded at 50 °C 
compared with at 25 °C because the IL is less viscous at 50 °C. However, CV at high 
temperature seems to have an adverse effect on the corrosion resistance of the surface. 
As listed in Table 5–4, the icorr of the 50 °C sample is in the same range as the control, 
while its Ebr is more negative (ca. 40 mV) than the control. Similar to CVs in ILs with 
high water contents, elevated temperature likely results in non–uniform film deposits, 
which seems to be detrimental to the corrosion resistance during PP tests. Surface 
characterisation is required to determine the mechanism of film formation as well as 
mode of corrosion protection on the samples treated with the ILs. 
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Figure 5–4 a) Cyclic voltammograms of AA5083 in [P6,6,6,14][dpp] between OCP and 3 V vs. Pt at 
100 mV s–1 at 25 °C and 50 °C, respectively. Arrows indicate the scan direction. 
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Table 5–4 Ecorr, icorr, Ebr and ΔE values (vs. SCE), obtained via Tafel extrapolation of PP scans on 
the untreated control sample and on samples prepared in [P6,6,6,14][dpp] by anodic CV at 25 °C 
and 50 °C. 
Specimen Ecorr (mV) icorr (µA cm–2) Ebr (mV) ΔE = Ebr – Ecorr (mV) 
Control –  750 ± 5 0.054 ± 0.010 –  678 ± 10 72 ± 15 
CV at 25 °C –  766 ± 25 0.030 ± 0.005 –  661 ± 10 105 ± 35 
CV at 50 °C –  727 ± 0 0.045 ± 0.005 –  721 ± 5 6 ± 5 
 
5.2.5 Surface Characterisation 
Figure 5–5 presents the optical profilometry three–dimensional images of the as–
polished control sample and the CV treated sample. Both surfaces consist of Fe–
containing IMPs (raised areas in red), Mg–rich IMPs (caved–in areas in green) and 
polishing marks. Slight increase in roughness was observed on the CV treated sample. 
EDXS (Figure 5–6) did not pick up any signal due to phosphorous, which is the 
characteristic element of the IL, on any of the three features: Mg–rich IMPs, Fe–
containing IMPs and the Al matrix. The SEM micrograph (Figure 5–6a) of the surface 
after CV scans to 3V vs. Pt also revealed the same microstructural features as the as–
polished control sample (Figure 3–1). This evidence suggests that the IL film might be 
too thin to be detected by these characterisation techniques or the anodic CV scans 
simply created a better aluminium oxide film on the surface. As a result, more 
surface–sensitive XPS analysis was carried out on the CV treated AA5083 surface. 
Table 5–5 lists the peaks, the position and atomic concentrations of the species 
detected by the XPS survey scans on the [P6,6,6,14][dpp] IL, the as–polished AA5083 
alloy, and the CV treated AA5083. It is noted that once again there is no phosphorous 
peak present, in the survey scan of the CV treated sample. At the same time, the peaks 
all remain at the same position and similar concentration after CV scans. The lack of a 
substantial increase in carbon content suggests that the IL and its components only 
play a minor role on the surface. XPS survey scans are shown in Figure 5–7. By 
comparing Figure 5–7a and Figure 5–7b, it is observed that the same three peaks are 
present, which are attributed to the aluminium oxide (Peak 1) and the 2p3/2 and 2p1/2 of 
the aluminium metal (Peak 2 and Peak 3), respectively. The difference lies in the size 
of the peaks, where the aluminium oxide peak becomes more prominent after CV 
scans under anodic bias, indicating that a thicker aluminium oxide layer has been 
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formed during the anodic scans. Zoom–in spectra on the phosphorous 2p region shows 
that there is an absence of a phosphorous peak (Figure 5–7c). 
To summarise, the CV–scanned surfaces could not readily be distinguished from the 
control using these techniques and the SEM micrographs and optical profilometry 
images obtained show features similar to that of the untreated control. In addition, 
characteristic elements of the IL, e.g. phosphorous, were not observed in the EDXS 
spectra or XPS. It is concluded that a thicker aluminium oxide likely dominates the 
subsequent surface after CV scans, where aluminium compounds with IL anion may 
be present as a minor part of the film. Therefore, potentiostatic and galvanostatic 
electrochemical treatment conditions were applied with the purpose of producing 
more substantial surface films and hence better corrosion resistance.  
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Figure 5–5 Optical profilometry images of a) as–polished control sample (Ra = 0.018 μm), b) CV–
treated sample (Ra = 0.031 μm). 
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Figure 5–6 EDXS results of CV–treated sample 
 
Table 5–5 XPS survey scan results from [P6,6,6,14][dpp] [102], as–polished AA5083, and CV–
treated with [P6,6,6,14][dpp]. 
Element atomic % (position) 
Sample C 1s O 1s Mg 2p Al 2p P 2p 
[P6,6,6,14][dpp] IL [102] 87 (285.0) 9 (531.9) – – 4 (132.9) 
As–polished AA5083 36 (286.0) 36 (536.0) 4 (89.0) 24 (75.0) – 
CV treated AA5083 40 (286.0) 35 (533.0) 2 (90.0) 76 (22.0) – 
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Figure 5–7 XPS a) Al 2p region scans on as–polished AA5083, b) Al 2p region scans on CV 
treated AA5083, c) P 2p region scans on CV treated AA5083. 
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5.2.6 Summary 
CV scans on glassy carbon to both anodic and cathodic potentials have helped to 
better understand the electrochemistry of the IL on an inert surface for the potential 
range scanned. During anodic polarisation, the current remains close to zero until 
water oxidation occurs between 1.3 – 1.5 V vs. Pt, which is followed by oxidation of 
the IL at 3 V vs. Pt. On AA5083, the aluminium dissolution reaction occurs 
immediately after the application of an anodic bias. Two oxidation peaks appear in the 
first anodic cycle which are likely associated with a combination of processes: 
aluminium dissolution, water oxidation, reactions between AA5083 and the IL 
components and ultimately IL oxidation and breakdown reactions. One distinguishing 
feature of the anodic voltammograms on these two substrates is that the current falls 
significantly in the subsequent cycles on AA5083 and the onset current is situated at 
much more anodic potentials than the first cycle. In contrast, the subsequent cycles on 
glassy carbon only result in a slight drop in current with very similar voltammetric 
behaviour.  
Scans to the cathodic direction on glassy carbon are complicated by a partial break 
down of the IL components that is reversible at low scan rates but becomes 
irreversible at high scan rates, based on the current and scan rate relationship derived 
from raw data. Water reduction under cathodic bias generates hydroxide ions, known 
to be preferred adsorption sites for IL components, which, in turn, leads to an 
adsorption peak on the reverse cathodic scan. In contrast to the complex cathodic 
voltammogram on glassy carbon, AA5083 shows a complete lack of peaks when 
polarised cathodically, likely due to the fact that the water reduction potential is less 
cathodic than the OCP of AA5083. It is likely that a film has already formed prior to 
cathodic polarisation and a series of following reactions exhibit overlapped electrode 
responses.  
Of the prepared surfaces tested, only AA5083 surfaces prepared using anodic CV 
scans with low water content at room temperature exhibited better corrosion resistance 
than the control, whilst preparation at elevated temperature adversely affected the 
corrosion behaviour. Increased water content, temperature and higher scan rates all led 
to greater current densities in the CV and thus faster reaction rates and likely a more 
defective film. Surface characterisation suggested that the resultant surface was very 
similar to the control and hence, considering the electrochemical evidence in terms of 
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reduced activity in the CV as well as improved corrosion properties seen in PP tests, it 
can be suggested that electrochemical interaction between the IL and AA5083 leads to 
the formation of a modified aluminium oxide film, e.g. CV scans at 25 °C in IL with 
100 ppm water. However, this surface film is not enough to protect the underlying 
alloy substrate to any great extent under these conditions and, therefore, alternative 
treatment conditions to form corrosion–protecting IL films on AA5083 alloy were 
undertaken. In addition, more surface–sensitive analytical techniques were employed 
to investigate the nature of the surface film formed. 
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5.3 Anodic Treatments 
5.3.1 Section Overview 
This section explores an alternative electrochemical treatment scheme involving a 2–
step anodic polarisation, which has been shown to be an effective corrosion protection 
treatment technique in previous studies [113].  
Anodic oxidation or anodising is performed on metallic surfaces to form a thicker and 
more corrosion–resistant film by applying an anodic bias to the subject article. It is 
distinct from chemical conversion coatings, which replace or supplement the natural 
film, whereas anodising oxidises the surface electrolytically and results in a much 
thicker film [30]. Commercial–scale anodising is a common practice on aluminium 
and its alloys. The surface finish, colour, and most importantly the quality of the 
anodic film all depend on the treatment condition. Therefore, for optimum results, 
robust treatments are carried out in a routine, which usually involve a 2–step process 
with narrow–limits on the parameters. Firstly, the current density is held constant with 
rising potential, after which the surface is held at the preselected limiting potential for 
a set period of time [105]. Traditional anodising parameters, (temperature up to 45 °C, 
voltage up to 60 V, current density up to 215 A m–2) are summarised in the critical 
review prepared by Zhou and colleagues [105]. Owing to limitation of laboratory 
instruments, the current densities and limiting potentials can be achieved are much 
smaller than those used in industrial practice. A constant current density of 2 mA cm–2 
was imposed until the potential ramped up to 18 V vs. Pt, which was followed by 
holding at 18 V vs. Pt for 15 min. These initial parameters were chosen based on both 
previous work in our group on anodising Mg AZ31 in ILs [14] and on preliminary 
screening experiments which are not shown here, as well as its alignment with the 
results presented in Chapter 4 for the anodic treatment of AA5083 in the 
[P6,6,6,14][NTf2] IL [48, 113]. Subsequent surface characterisation results are presented 
later in this section. Finally, all of the evidence obtained is summarised and discussed, 
along with a proposed film formation mechanism and corrosion protection 
mechanism. 
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5.3.2 2–step Anodic Treatment 
The 2–step anodic polarisation was applied to the as–polished AA5083 specimen, 
which involves first applying a constant current density until the potential rises to a 
selected maximum, before hold at the limiting potential for a period of time. A 
limiting potential of 18 V was chosen, because it was the limit of the available lab 
equipment, which is still much lower than the potentials used in industrial anodising 
processes that often occurs at elevated temperature and water based salt baths [30, 
105]. Figure 5–8 shows a typical set of data recorded for both steps a) 
chronopotentiometry and b) chronoamperometry. The generated response is similar to 
what has been seen in the same 2–step anodic treatment performed in the 
[P6,6,6,14][NTf2] IL (Figure 4–2) where a gradual potential increase during Step 1 and 
sharp decrease of current density during Step 2 were observed [30, 105, 113]. 
Furthermore, the specimen was able to sustain 18 V in Step 2 while the current 
density continued to decrease during the 15 min holding time, with the final current 
density as low as 0.01 mA cm–2. 
 
Figure 5–8 2–step treatment a) chronopotentiometry under 2 mA cm–2 until the potential reaches 
18 V (CP) and b) chronoamperometry (CA) at 18 V. 
 
CV scans to the anodic direction were performed on the 2–step treated specimens in 
the presence of [P6,6,6,14][dpp], as shown in Figure 5–9. The current density before 
reversal of the scan direction is here referred to as the maximum current density imax as 
shown in the figure. As per Figure 5–2, the two anodic peaks are likely the result of a 
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combination of processes: aluminium dissolution, water oxidation, reactions between 
the IL, and IL breakdown. Despite all 4 voltammograms following the same trend of 
current continuing to decrease with increasing cycles, current density values differ 
from voltammogram to voltammogram. Figure 5–9b illustrates that imax dropped 2 
orders of magnitude after the 2–step anodic treatment, followed by rising 1 order of 
magnitude after dipping in water for 2 s. After immersion in water for 2 h (Figure 5–
9d), the imax value climbed back to the same order of magnitude as that on the as–
polished surface. Dissolution of the IL film has likely occurred preferentially at the 
intermetallics. As a result, water oxidation is still able to occur at these sites, but the 
surface is, overall, still protected. 
 
Figure 5–9 Cyclic voltammograms of AA5083 in [P6,6,6,14][dpp] between OCP and 3 V vs. Pt at 100 
mV s–1. a) As–polished sample, b) 2–step treated (50 °C) sample, c) 2–step treated (50 °C) sample 
after dipping in water for 15 s, d) 2–step treated (50 °C) sample after dipping in water for 2 h. 
 
5.3.3 Influence of Water 
The influence of IL water content was also investigated in the 2–step anodic 
treatments. Figure 5–10a presents the PP curves obtained for specimens that had 
undergone 2–step anodic treatment in [P6,6,6,14][dpp] with different water contents. 
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They provide information on corrosion properties of the samples in relation to the 
control. The values of key parameters derived from the PP curves are listed in  
Table 5–6 Consistent Ecorr values were obtained for all IL–treated samples, which is 
around 70 mV more cathodic than that of the control. IL–treated samples exhibit 
almost overlaying cathodic arms of their PP curves, showing cathodic current 
densities significantly lower than the control. There is a decrease in Ebr with increase 
in water content in the IL. Analogous to the effect water content had on Ebr of CV–
scanned samples (Figure 5–3a), only 100 ppm water content led to nobler Ebr in 
relation to the control, whereas 700 ppm and 2000 ppm water contents both appear to 
have detrimental effect on Ebr. Nonetheless, ΔE of the IL–treated samples remains the 
same (2000 ppm) or becomes larger (100 ppm and 700 ppm) than the control. 
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Figure 5–10 a) PP  scans in 0.1 M NaCl solution on the untreated control specimen (black) and on 
specimens undergone 2–step anodic treatment in [P6,6,6,14][dpp] with water content 100 ppm 
(blue), 700 ppm (red) and 2000 ppm (green), respectively, b) summary of the corrosion data. 
Table 5–6 Ecorr, icorr, Ebr and ΔE values (vs. SCE), obtained via Tafel extrapolation of PP scans on 
the untreated control sample and on samples after 2–step anodic treatment in in [P6,6,6,14][dpp] 
with different water contents. 
Specimen Ecorr (mV) icorr (µA cm–2) Ebr (mV) ΔE = Ebr – Ecorr (mV)  
Control – 750 ± 5 0.054 ± 0.010 – 678 ± 10 72 ± 15  
CP CA 100 ppm – 815 ± 10 0.035 ± 0.010 – 648 ± 10 167 ± 20  
CP CA 700 ppm – 819 ± 5 0.034 ± 0.005 – 727 ± 15 92 ± 20  
CP CA 2000 ppm – 827 ± 20 0.074 ± 0.040 – 752 ± 5 75 ± 25  
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5.3.4 Influence of Temperature 
The 2–step anodic treatments were carried out at 25 °C and at 50 °C. Figure 5–11a 
presents PP curves collected for the control, the 25 °C sample and 3 repeats for the 50 
°C IL–treated samples. As can be seen in Table 5–7, poor reproducibility was 
observed in the case of PP tests on the 50 °C samples. Even though all 3 trials exhibit 
the same Ecorr value as the control, Trial 2 produced lower cathodic and anodic current 
densities than the control, as well as a nobler Ebr, whereas there were higher current 
densities and a lack of Ebr in Trial 1 and 3. It is worth noting that whilst not showing 
great reproducibility, Trial 2 demonstrates the lowest corrosion current density, lower 
than that achieved on the 25 °C IL–treated samples. Thus, in principle it may be 
possible to prepare a more protective surface film at 50°C. 
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Figure 5–11 a) PP scans in 0.1 M NaCl solution on the untreated control specimen and specimens 
undergone 2–step anodic treatment in [P6,6,6,14][dpp] at 25 °C and at 50 °C, b) summary of the 
corrosion data. 
 
Table 5–7 Ecorr, icorr, Ebr and ΔE values (vs. SCE), obtained via Tafel extrapolation of PP scans on 
the untreated control specimen and specimens after 2–step anodic treatment in [P6,6,6,14][dpp] at 
25 °C and 50 °C. 
Specimen Ecorr (mV) icorr (µA cm–2) Ebr (mV) ΔE = Ebr – Ecorr (mV)  
Control – 750 ± 5 0.054 ± 0.010 – 678 ± 10 72 ± 15  
CP CA 25 °C – 815 ± 10 0.035 ± 0.010 – 648 ± 10 167 ± 20  
CP CA 50 °C – 749 ± 5 0.034 ± 0.020 – 720 ± 25 29 ± 30  
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5.3.5 Surface Characterisation 
5.3.5.1 Optical Profilometry 
Three–dimensional images obtained by optical profilometry are shown in Figure 5–
12. Consistent with the SEM micrograph (Figure 3–1), the as–polished AA5083 
surface consists of IMPs dispersed in the aluminium solid solution matrix. The 
particles rising above the surface are likely the Fe–containing intermetallics, a result 
of their higher hardness compared to the surrounding aluminium during the polishing 
process. On the other hand, the dips in lighter green or blue colour on the images are 
Mg–rich intermetallic inclusions, which likely lost more volume than the Al–matrix 
during abrasion. Residual polishing marks can still be seen on the control surface. It is 
observed that the surfaces of the IL–treated samples were rougher compared with the 
control. Mean roughness values (Ra) measured by the software confirmed the 
observation with the roughness increase in the following order: as–polished control 
sample (Ra = 0.018 μm) < 2–step treated at 25 °C (Ra = 0.031 μm) < 2–step treated at 
50 °C (Ra = 0.044 μm). Additionally, the surface profile of the Fe–rich IMPs seems to 
have become more prominent compared to the control sample. 
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Figure 5–12 Optical profilometry images of a) as–polished control sample (Ra = 0.018 μm), b) 2–
step treated at 25 °C (Ra = 0.031 μm), c) 2–step treated at 50 °C (Ra = 0.044 μm). 
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5.3.5.2 Scanning Electron Microscopy (SEM)/ Energy Dispersive X–Ray Spectroscopy 
(EDXS) 
SEM and EDXS studies were performed to obtain an understanding of the surface 
chemistry after electrochemical interaction between the IL and the AA5083 alloy had 
taken place. All EDXS results presents here, including spectra, line–scan, and area–
scan, have been repeated at least 3 times and all repeats show the same trend/results. 
Figure 5–13 illustrates the EDXS spectra on all three of the main features (Mg–rich 
intermetallics, Fe–rich intermetallics and Al–matrix). All of the peaks have been 
identified and marked on the spectra. It provides compositional evidence of the points 
of interest. For instance, the dark grey particles on the SEM micrograph were found to 
be rich in Mg and correspond to the Mg–rich intermetallic inclusions, while the light 
grey particles of irregular shapes are identified as Fe-rich intermetallics. Literature 
contains their respective composition as Mg–rich Mg2Si as well as Fe–containing 
Al6(Fe,Mn,Si,Cr) and Al6(Fe,Mn) [29, 52]. Although calibration against suitable 
standards was not performed, the ratio between the Mg and Si present in the Mg–rich 
intermetallics was found to be close to the values reported in the literature (Section 
4.2.3). The insets in the spectra show the region of the phosphorous peak, which is a 
characteristic element of the IL that is not intrinsically present in the alloy. The 
absence or presence of the phosphorous peak can be used to determine whether the IL 
or its components are incorporated onto the surface, probably in the form of surface 
film. As can be seen, in the case of as–polished AA5083, no phosphorous peak was 
detected by EXDS. 
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Figure 5–13 EDXS results of as–polished control sample. 
 
Figure 5–14a shows the SEM micrograph of a 2–step treated (at 25 °C) surface on the 
left and the untreated surface on the right with an diagonal line dividing the two, 
which was caused by pressing the pipette onto the AA5083 substrate during 
electrochemical treatment, as demonstrated in Figure 3–3. EDXS spectra were 
obtained on all 3 main features on the IL–treated surface. It is evident in the SEM 
micrograph that the IL–treated surface on the left exhibits higher roughness in relation 
to the untreated surface on the right, which agrees with the observations from the 
optical profilometry. In addition, Fe–intermetallics appear light grey in colour before 
the IL–treatment and darker grey after the IL–treatment. Whilst EDXS spectra 
detected phosphorous peak on all 3 features, shown in the inserts of Figure 5–14b–d, 
more prominent phosphorous peaks with higher intensity were observed on the Fe–
containing intermetallics and the Al–matrix compared to the Mg–rich intermetallics. 
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Figure 5–14 EDXS results of 2–step treated (at 25 °C) sample. 
 
Characterisation was also carried out on specimens anodically treated under more 
aggressive conditions. For instance samples IL–treated at elevated temperature (50 
°C) or in the IL with extreme high water content. The results from these experiments 
do not apply directly to illustrate the influence of the pretreatment on the resultant 
surfaces, but is nonetheless informative in terms of the IL–alloy interaction processes 
and possible mechanisms.  
EDXS characterisation performed on a 50 °C IL–treated sample is presented in Figure 
5–15 and Figure 5–16. The SEM micrographs present a much rougher surface than the 
room temperature treated surface and the untreated surface shown previously in 
Figure 5–13a, which is in agreement with optical profilometry results. The Fe–rich 
intermetallics are identified as the light grey particles and the Mg–rich inclusions are 
black. The surface is found to be covered by small pores around 1–3 μm in size. As 
for the room temperature treated specimens, EDXS spectra reveal phosphorous peaks 
on all 3 features. However, contrary to phosphorous concentrating on Fe–rich 
intermetallics and Al–matrix at room temperature, at 50 °C the phosphorous peak of 
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the highest intensity was found on the Al–matrix. Line scan 2 crosses an Fe–rich IMP, 
the Al–matrix, and a Mg–rich intermetallic. The phosphorous line profile includes 2 
steps with lower intensity, the locations of which define the Mg–rich and Fe–
containing intermetallics, respectively. Thus, it has been confirmed again that there is 
a relative increase in the concentration of phosphorous on the Al–matrix of the 
specimens IL–treated at 50 °C. 
In addition to line–scans, area–scans were also performed on the 50 °C IL–treated 
surfaces. Maps showing the distribution of elements are presented in Figure 5–16, on 
the left side of which lies the IL–treated surface and on the right side is the untreated 
surface. The contrast is a measure of intensity detected by the EDXS detector, where 
brighter colour corresponds to higher intensity, and vice versa. Fe and Mn maps are 
not included here due to the fact that 5 keV acceleration voltage is too low to 
accurately determine the true intensity of these elements. From the maps, it is evident 
that there is an obvious contrast of element concentrations on either side of the ‘edge’. 
C, O and P are found to be more concentrated on the IL–treated surface on the left, 
whereas higher intensity of Mg and Al are detected on the untreated surface on the 
right. Secondly, Mg–rich intermetallics are easily identified by the bright–coloured 
area on the Mg–map. The other dark–coloured area on the Al–map, in addition to the 
Mg–rich inclusions, is where the Fe–containing intermetallics are located. Finally, 
more C and P are present on the Al–matrix compared to the intermetallics. 
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e) Line Scan 1 
 
Figure 5–15 EDXS results of 2–step treated (50 °C) sample. 
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Figure 5–16 EDXS maps of 2–step treated (50 °C) sample, treated surface (left) and untreated 
surface (right). 
9 6    C H 5  E L E C T R O C H E M I C A L  T R E AT M E N T  O F  A A 5 0 8 3  I N  [ P 6 , 6 , 6 , 1 4 ] [ D P P ]  
 
 
5.3.5.3 Focused Ion–Beam Scanning Electron Microscopy (FIB SEM) 
FIB SEM was carried out in order to obtain visual evidence of the formation of a 
surface film on the substrate as a result of the IL–treatments. It was performed on 
multiple sites on the specimen to ensure the reproducibility of the results. Figure 5–17 
shows SEM micrographs of the cross–section from 2 locations: a) Location 1; b) and 
c) from Location 2 on the specimen that has undergone 2–step treatment at 50 °C in 
the presence of the [P6,6,6,14][dpp] IL. In all 3 micrographs, there is a Pt layer pre–
deposited on the surface that is approximately 2 μm thick. A non–uniform film, the 
thickness of which lies in the range of 37 nm to 155 nm, is found to be ‘sandwiched’ 
between the Pt deposit layer and the alloy substrate in both locations, revealing the 
consistent presence of the film throughout the whole IL–treated surface. Embedded in 
the alloy, intermetallic inclusions can be seen in the alloy substrate as irregular–
shaped particles in light grey. One of the intermetallics seems have fallen out resulting 
in a cavity, as illustrated in Figure 5–17b. Further examination of the surface film 
reveals that it is filled with visible pores. Figure 5–17c is an SEM micrograph zoomed 
in on the film at Location 2. Pores are clearly visible throughout the whole film. 
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Figure 5–17 FIB SEM micrographs of the 2–treated (50 °C) surface: a) Location 1, b) and c) 
Location 2. 
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5.3.5.4 X–Ray Photoelectron Spectroscopy (XPS) 
The FIB SEM measurements indicated the film to be thin and non–uniform, in the 
nano–metre range, even under the most aggressive treatment conditions (50 °C). XPS, 
being a more surface sensitive technique than EDXS, has been employed to better 
understand the chemistry of the surface film.  
XPS survey scans provide quantitative insights into the chemistry of the surface while 
region scans reveal detailed information on the chemical state of the elements in the 
surface. A summary of the survey scan results is presented in Table 5–8, which 
contains the peak position and atomic percentage of each element detected on the as–
polished AA5083 alloy and the AA5083 surface IL–treated with the [P6,6,6,14][dpp] IL 
at 50 °C. XPS survey scan results of the ‘neat’ [P6,6,6,14][dpp] IL are available in the 
literature [102] and are also listed in Table 5–8 for comparison. Carbon and oxygen 
continue to dominate the alloy surface after interaction with the IL. Consistent with 
EDXS findings, a phosphorous peak emerged after IL–treatment, which is absent in 
the survey scans of the untreated AA5083 surface. However, its binding energy 
shifted from 132.9 eV for the pure IL to 135.0 eV, indicating a change of chemical 
state. Furthermore, the Mg peak, present on the spectrum of the as–polished AA5083, 
has disappeared from the survey spectrum of the IL–treated AA5083. The presence of 
phosphorous, which is not a naturally occurring element in the AA5083 alloy, on the 
IL–treated surface as well as disappearance of the Mg peak indicate formation of a 
surface film that contains IL components or its breakdown products. 
Figure 5–18 shows region scans of Al 2p on as–polished AA5083 substrate as well as 
Al 2p and P 2p acquired on the AA5083 surface 2–step treated in [P6,6,6,14][dpp] at 50 
°C. The region scan results are compared with the P 2p region scans of the ‘neat’ 
[P6,6,6,14][dpp] available in the literature [102]. The as–polished AA5083 surface, 
Figure 5–18a, shows a main peak at 74.3 eV attributed to aluminium oxide. Peaks at 
71.1 eV and 71.5 eV are the result of the 2p3/2 and 2p1/2 aluminium metal. For the IL–
treated surface, there is only one main peak (Figure 5–18b) and it has shifted from 
74.3 eV to 74.5 eV. This sole peak could be attributed to aluminium oxide and 
aluminium phosphate AlPO4, which exhibit very close binding energies and cannot be 
resolved into sub–peaks. The complete lack of small peaks from aluminium metal also 
suggests that the surface is covered by aluminium oxide and aluminium phosphate 
such that the base metal could not be detected during the XPS scans. 
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The phosphorous 2p XPS region spectrum contains 2 peaks at 133.8 eV and 134.6 eV, 
which have been assigned to aluminium phosphate, AlPO4 and AlPO42H2O, 
respectively. This again confirms the presence of aluminium phosphate and the sole 
peak seen in Figure 5–18b can be assigned to both aluminium oxide and aluminium 
phosphate. 
Table 5–8 XPS survey scan results from [P6,6,6,14][dpp] [102], as–polished AA5083, and 2–step 
treated with [P6,6,6,14][dpp] at 2–step treated at 50 °C. 
Element atomic % (Binding Energy = eV) 
Sample C 1s O 1s Mg 2p Al 2p P 2p 
[P6,6,6,14][dpp] IL [102] 87 (285.0) 9 (531.9) – – 4 (132.9) 
As–polished AA5083 36 (286.0) 36 (536.0) 4 (89.0) 24 (75.0) – 
2–step treated in 
[P6,6,6,14][dpp] at 50 °C 
30 (286.0) 42 (533.0) – 26 (76.0) 2 (135.0) 
 
1 0 0    C H 5  E L E C T R O C H E M I C A L  T R E AT M E N T  O F  A A 5 0 8 3  I N  [ P 6 , 6 , 6 , 1 4 ] [ D P P ]  
 
 
 
Figure 5–18 XPS a) Al 2p region scans on as–polished AA5083, b) Al 2p region scans on 2–step IL 
treated (50 °C) AA5083, c) P 2p region scans on 2–step IL treated (50 °C) AA5083. 
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5.3.5.5 Time of Flight Secondary Ion Mass Spectroscopy (ToF–SIMS) 
ToF–SIMS probes the topmost layer of the surface by bombarding it with ions and 
analysing the molecules emitted from the substrate as a result. It has been used in this 
study to demonstrate the presence of IL molecules and components and their 
respective distribution on the surface. Figure 5–19 and Figure 5–20 present two–
dimensional ToF–SIMS maps of selected ions on two different locations detected on 
the IL–treated surface. Each map covers a 200 μm x 200 μm area. The total counts of 
the ions are shown in colour with higher count denoted in brighter colours. Negative 
ion maps in Figure 5–19 show that intact anions are present on the surface. 
Breakdown products of the anion are also observed which may be formed during the 
2–step anodic treatment at 50 °C or may result from the SIMS analysis itself which 
fragments molecular species. The distributions of these species are found to be non–
uniform and more concentrated on the Al–matrix as compared to the dark spots on the 
maps, which are the embedded intermetallics. As shown previously in EDXS (Figure 
5–15 and Figure 5–16), these particles exhibit less IL–related species. Figure 5–20 
shows the ToF–SIMS maps of the selected positive ions. Interestingly, profiles of 
Mg–rich intermetallic inclusions are also visible on the Mg ion map, caused by 
magnesium oxide/hydroxide on those sites. Similar to the anions, intact cations are 
seen on the IL–treated surface, although their distribution seems less dependent on the 
microstructure of the alloy and rather appears in larger clusters than the intact anions. 
In contrast to the intact cations, the smaller alkyl chain fragments are distributed more 
uniformly across the whole surface. 
Thus, the ToF–SIMS results provide direct evidence of the presence and distribution 
of the IL components after film formation, indicating that the film consists of intact 
anions and cations as well as possible breakdown products of both species. 
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Figure 5–19 2–D ToF–SIMS mapping of selected negative ions the AA5083 surface after 2–step 
IL treatment at 50 °C (Location 1). 
 
 
Figure 5–20 2–D ToF–SIMS mapping of selected positive ions of the AA5083 surface after 2–step 
IL treatment at 50 °C (Location 2). 
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5.3.6 Discussion on the 2–step Anodic Electrochemical Treatments 
5.3.6.1 Results Summary 
– The history of 2–step anodic treatment has shown that the surface is able to 
sustain the 18 V potential in the [P6,6,6,14][dpp] IL while sustaining a low and 
continue decreasing current (the final current ~ 0.01 mA cm–2 after 15 min 
holding time). 
– CV scans on AA5083, in [P6,6,6,14][dpp], immediately after the 2–step anodic 
treatment revealed suppressed electrochemical activity, the measured current 
being 2–magnitudes lower than that on the as–polished surface.  
– Exposing the 2–step IL–treated samples to water for a period of time 
(nominally 2 hours) resulted in the electrochemical response of the treated 
surface (in the IL as measured by CV) returning to similar values as the as–
polished sample, indicating that the film is at least partially dissolved by water. 
– Corrosion resistance is shown to be improved by the 2–step anodic treatment. 
The improvement decreased with higher water content in the IL and with 
increased treatment temperature. 
– Elevated treatment temperature was detrimental to the corrosion resistance of 
the film. The 2–step anodic treatment carried out at 50 °C led to worse 
corrosion behaviour than the control. 
– Optical profilometry revealed an increase in surface roughness Ra after the 2–
step anodic treatment. 
– SEM/EDXS demonstrates that phosphorous is present on the IL–treated 
surface, which seems to be more concentrated on the Al–matrix than on the 
IMPs. 
– FIB SEM has provided visual evidence of the non–uniform porous film and 
quantified its thickness, which is between 37 nm and 155 nm. 
– XPS study has revealed that the IL–film is most likely composed of aluminium 
oxide and metal phosphates. 
– ToF–SIMS showed that there are intact cations and anions present on the 
surface as well as their fragments and high levels of hydroxyl groups. The 
anion and its fragments seem more concentrated on the Al–matrix while the 
distribution of the cation and its fragments is less dependent on the 
microstructure of the alloy. 
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5.3.6.2 Proposed Interaction Mechanism between AA5083 and the [P6,6,6,14][dpp] IL 
under Anodic Polarisation 
The majority of the surface characterisation was carried out on the samples IL–treated 
at 50 °C, instead of at room temperature. This is because the more aggressive 
treatment condition is likely to lead to thicker film and thus can be observed more 
readily by various surface characterisation techniques. For the purposes of this 
discussion it is assumed that the characterisation results also provide an indication of 
the mechanism that occurs under the room temperature conditions that were also 
trialled.  
Distinct visual differences have been observed on the as–polished AA5083 and the 
surface subjected to 2–step anodic treatment at 50 °C in [P6,6,6,14][dpp], where higher 
roughness is seen in the latter according to the SEM micrographs (Figure 5–12, Figure 
5–13, and Figure 5–15) and the optical profilometry images. It was also observed that 
the Fe–containing intermetallics became more prominent and the polishing marks 
became less so after the anodic bias. Further surface characterisation using FIB–SEM 
revealed that a thin film had formed on the original surface, which was non–uniform 
and filled with pores, possibly contributing to the increase in roughness.  
In addition to the visual evidence of the film morphology, it is also essential to know 
the elemental composition of the elements detected in EDXS and the chemical 
composition of the film in order to understand the film formation mechanism. EDXS 
spectra demonstrated that elements from the IL could be detected on the IL–treated 
surface. The peak from phosphorous, which is not a naturally occurring element in the 
AA5083 alloy but derives from the phosphorous–containing IL, was observed after 
the IL–treatment. The distribution of phosphorous on the surface seems to be 
dependent on the microstructure of the AA5083 alloy. Specifically, phosphorous was 
found to be concentrated on the Al–matrix, less so on the Fe–containing intermetallics 
and least on the Mg–rich inclusions, indicating more deposits and a thicker film on the 
Al–matrix compared with the secondary particles. Line scans and mapping also 
confirmed this microstructurally–dependent distribution of phosphorus. XPS scans 
were performed to determine the chemical state of the elements included in the film. 
The disappearance of Mg 2p peak in the survey scans as well as the absence of 
whereas 2p3/2 and 2p1/2 aluminium metal peaks in Al region scans both suggest that 
the film deposited on the surface essentially blocked the signal from the underlying 
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metal. It has been shown that a sole peak, which was assigned to aluminium oxide and 
aluminium phosphate, was observed in the Al 2p region scans. The P 2p region scans 
show 2 peaks that were assigned to AlPO4 and AlPO42H2O, respectively, in 
agreement with the Al 2p results. Furthermore, ToF–SIMS measurements provided 
direct evidence of the presence of IL molecules, their respective distribution on the 
IL–treated AA5083 surface. Both intact anion and cation and their breakdown 
products were detected on the IL–treated surface, with the anion components being 
more dependent on the microstructure of the alloy compared to the cation. The latter 
was found to accumulate in larger clusters and was more randomly distributed across 
the surface, whereas the former appeared in smaller clusters and was more 
concentrated on the Al–matrix. 
Based on the surface characterisation results, an interaction mechanism between the 
AA5083 alloy and the [P6,6,6,14][dpp] IL has been proposed, which is shown in Figure 
5–21. The mechanism can be described as follows: 
– Under anodic bias, there is an excess of positive charge at the alloy surface. As 
a result, the anions are attracted to the positively charged surface.  
– The anions tend to absorb onto the alloy surface where hydroxyl groups are 
present, as suggested by previous research [87]. A study by Simmons and 
Beard [114] successfully determined the concentration of hydroxyl groups on 
iron (2.6 hydroxyls per nm2) and titanium (4.2 hydroxyls per nm2), which were 
oxidised to produce a hydroxylated surface prior to surface characterisation 
using XPS. Following their success, McCafferty and Whightman [115] 
employed the same method and reported on the concentration of hydroxyl 
groups on a range of metals, including aluminium, chromium, titanium, 
tantalum and silicon. In its as–received state, the concentration of hydroxyl 
groups present on aluminium is reported to be 15 hydroxyls per nm2, much 
higher than that of iron even in its hydroxylated state. It is reasonable to 
deduct, therefore, that there are higher concentration of hydroxyl groups 
present on the Al–matrix than the IMPs. This could be the reason the deposits 
are microstructure dependent and more concentrated on the Al–matrix as it 
contains more hydroxyl groups than the secondary phases. 
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– Under the 18 V anodic bias, oxidation of the [dpp]– anions occurs with the 
breaking of the double bound and cleavage of the phenyl group as well as 
formation of AlPO4 and AlPO42H2O (Al3+ from aluminium dissolution under 
anodic bias). 
– Both anion and cation appear to adsorb onto the surface and hence they are 
both found to be present on the surface even after the 2–step anodic treatment. 
– Higher water content and temperature are likely to generate more hydroxyl 
groups on the surface and thus more intense interaction tends to take place 
during the IL–treatment, which in turn results in a thicker but more porous and 
defective film. 
 
Figure 5–21 Proposed interaction mechanism between the AA5083 alloy and [P6,6,6,14][dpp] during 
2–step anodic treatment. 
 
5.3.6.3 Proposed Corrosion Protection Mechanism of the IL–film 
According to the PP test results, the room temperature 2–step anodic treatment (in 100 
ppm water containing IL) substantially lowered the cathodic corrosion kinetics by an 
order of magnitude, and effectively reduced the overall corrosion current density to 
half of that of the control. In addition, it also extended the breakdown potential by 
more than 100 mV to more noble potentials.  
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According to results from the surface characterisation measurements, a mechanism 
can be proposed whereby the phosphates deposited on the Fe–containing IMPs inhibit 
the oxygen reduction reactions (ORR), which, as a result, become less efficient 
cathodes. Aluminium phosphates also offer protection against corrosion on the Al–
matrix, where they are most abundant, by reducing the Al dissolution rate. As a 
consequence of both, there is less aluminium dissolution in the matrix surrounding the 
Fe–containing particles. Thus, the overall corrosion rate is reduced after the sample 
has undergone the 2–step anodic treatment. 
However, both the corrosion kinetics and the breakdown potential revert to values 
closer to those of the control with increasing water content present in the IL. Samples 
IL–treated at 50 °C demonstrated higher corrosion rates than the control in 0.1 mol l–1 
NaCl solution. As previous mentioned in the film formation mechanism, both water 
and high temperature lead to thicker but more porous and less uniform films. In 
addition to a more heterogeneous surface, the increased porosity of the surface film 
may provide easier access for the damaging chloride ions to the underlying alloy 
surface, detrimental to the corrosion performance and leading to the higher observed 
corrosion rates.  
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5.4 Results on Cathodic Treatments  
5.4.1 Cathodic Chronoamperometry (CA) 
A previous study has found that a small cathodic bias (– 100 mV and – 200 mV vs. 
OCP), as an electrochemical treatment in the IL, is beneficial in terms of depositing a 
more uniform film on the Mg alloy surface [8]. The same experiment was carried out 
on the AA5083 alloy in the [P6,6,6,14][dpp] IL by polarising the sample to a small 
cathodic potential for various periods of time, 1 min, 5 min, 30 min, and 1h. As shown 
in Figure 5–22, a small cathodic current was generated upon applying the cathodic 
bias, which maintained its value throughout the whole treatment period. 
 
Figure 5–22 Cathodic chronoamperometry of the AA5083 alloy surface in the [P6,6,6,14][dpp] at – 
100 mV for 5 min. 
 
PP scans in 0.1 mol l– NaCl aqueous solution were performed on the samples after the 
cathodic CA treatment in [P6,6,6,14][dpp], shown in Figure 5–23. It is observed in 
Figure 5–23b that the cathodic CA treatment results in a shift of Ecorr in the cathodic 
direction, while Ebr is prolonged to more anodic potentials for treatments employing 
longer holding times. Whilst the icorr is lower for all CA–treated samples, the lowest 
value was measured for the 5 min treatment. 
 
C H 5  E L E C T R O C H E M I C A L  T R E A T M E N T  O F  A A 5 0 8 3  I N  [ P 6 , 6 , 6 , 1 4 ] [ D P P ]    1 0 9  
 
 
 
Table 5–9 lists all the key parameters derived from the PP tests. Interestingly, the ΔE 
values of the treated samples are consistently around 170 mV and more than double 
the value of the control (70 mV). The evidence indicates that the surface has been 
altered during the cathodic CA–treatment and resulted in more desired corrosion 
properties, e.g. lower icorr , nobler Ebr and larger ΔE. 
Similar results were collected for a sample that was IL–treated at – 200 mV vs. OCP 
for various times, shown in Figure 5–24. The trend in Table 5–10 is less obvious and 
the data points are more scattered, likely due to higher reaction rates and less uniform 
change in the surface at larger cathodic potentials. 
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Figure 5–23 a) PP scans in 0.1 M NaCl solution on the untreated control specimen (black) and on 
specimens undergone a) CA–treatment at – 100 mV vs. OCP for 1min, 5 min, 30 min and 1h in 
[P6,6,6,14][dpp], b) summary of the corrosion data. 
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Table 5–9 Ecorr, icorr, Ebr and ΔE values (vs. SCE), obtained via Tafel extrapolation of PP scans on 
the untreated control specimen and specimens after CA–treatment at – 100 mV vs. OCP for 
various periods of time in [P6,6,6,14][dpp]. 
Specimen Ecorr (mV) icorr (µA cm–2) Ebr (mV) ΔE = Ebr – Ecorr (mV)  
Control – 750 ± 5 0.054 ± 0.010 – 678 ± 10 72 ± 15  
CA at – 100 mV for 1 min – 823 ± 15 0.043 ± 0.005 – 653 ± 10 170 ± 25  
CA at – 100 mV for 5 min – 808 ± 15 0.020 ± 0.010 – 643 ± 25 165 ± 40  
CA at – 100 mV for 30 min – 786 ± 20 0.036 ± 0.005 – 635 ± 20 151 ± 40  
CA at – 100 mV for 1 h – 767 ± 10 0.039 ± 0.005 – 600 ± 15 167 ± 25  
 
Table 5–10 Ecorr, icorr, Ebr and ΔE values (vs. SCE), obtained via Tafel extrapolation of PP scans on 
the untreated control specimen and specimens after CA–treatment at – 200 mV vs. OCP for 
various periods of time in [P6,6,6,14][dpp]. 
Specimen Ecorr (mV) icorr (µA cm–2) Ebr (mV) ΔE = Ebr – Ecorr (mV)  
Control – 750 ± 5 0.054 ± 0.010 – 678 ± 10 72 ± 15  
CA at – 200 mV for 1 min – 759 ± 15 0.033 ± 0.005 – 656 ± 15 103 ± 30  
CA at – 200 mV for 5 min – 783 ± 25 0.038 ± 0.010 – 668 ± 10 115 ± 35  
CA at – 200 mV for 30 min – 753 ± 15 0.032 ± 0.010 – 664 ± 15 89 ± 30  
CA at – 200 mV for 1 h – 720 ± 15 0.033 ± 0.005 – 637 ± 10 83 ± 25  
 
 
1 1 2    C H 5  E L E C T R O C H E M I C A L  T R E AT M E N T  O F  A A 5 0 8 3  I N  [ P 6 , 6 , 6 , 1 4 ] [ D P P ]  
 
 
 
Figure 5–24 a) PP scans in 0.1 M NaCl solution on the untreated control specimen (black) and on 
specimens undergone a) CA–treatment at – 200 mV for 1min, 5 min, 30 min and 1h in 
[P6,6,6,14][dpp], b) summary of the corrosion data. 
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Surface characterisation was carried out on the CA–treated surface (– 100 mV vs. 
OCP for 1 h). Optical profilometry showed a rougher surface with less prominent 
polishing marks and intermetallics, whereas the EDXS failed to detect any 
phosphorous peak (characteristic element of the IL). Due to limited time of this PhD, 
this IL–treatment method will be further studied in the future, as a promising 
treatment method in ILs on reactive metal and alloys for better corrosion properties. 
 
 
Figure 5–25 Optical profilometry images of a) as–polished control sample (Ra = 0.018 μm), b) CA 
treated at – 100 mV vs. OCP for 1h (Ra = 0.029 μm). 
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Figure 5–26 EDXS results on CA–treated sample at – 100 mV vs. OCP for 1 h. 
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5.5 Conclusions 
So far this chapter has presented investigations into three treatment methods that have 
been investigated, the CV scans, the 2–step anodic treatment, and the constant 
cathodic bias treatment and subsequent characterisation of the resultant surfaces. 
The CV scans on both the AA5083 alloy and on the inert glassy carbon substrate were 
carried out first, in order to obtain an basic understanding of the electrochemistry of 
the [P6,6,6,14][dpp] IL under a potential polarisation (– 3 V vs. Pt to 3 V vs. Pt). Distinct 
from the CVs on the glassy carbon, a significant reduction in current density was 
observed in subsequent CV scans on AA5083, indicating that reactions in the first 
cycle had led to passivation of the surface. It is also demonstrated in PP scans that the 
lower water content (100 ppm) is able to produce a more corrosion–resistant surface. 
Subsequent surface characterisation failed to detect any presence of phosphorous on 
the anodically CV–scanned surface, whereas there is substantial increase in the 
amount of aluminium oxide present on the surface. Thus, it is concluded that the 
anodic CV scans on AA5083 resulted in thicker and modified aluminium oxide film 
on the surface. Cathodic CV scans also reveal different behaviour of the IL on the two 
surfaces. However, reduction in electrochemical activity has also been seen on the 
subsequent cycles on AA5083 following the first. 
Based on the commercial–scale anodising practice in aluminium industry, anodic 2–
step anodic treatments were performed on the AA5083, the parameters of which are 
subject to laboratory instrument limitations. The AA5083 substrate was first subjected 
to 2 mA cm–2 until the potential ramped up to 18 V then hold at 18 V for 15 min. PP 
scans have revealed general beneficial effect these treatments bring to the corrosion 
behaviour of the samples in sodium chloride solutions. Surface characterisation was 
carried out on the sample treated with the 2–step anodic treatment at 50 °C. The 
results suggest that there is a non–uniform film, of nano–metre thickness, deposited 
on the AA5083 surface, which consists of intact anion and cation of the [P6,6,6,14][dpp] 
IL as well as aluminium oxide and aluminium phosphate. The distribution of the film 
is dependent on the microstructure of the alloy and seems to be more concentrated on 
the Al–matrix rather than the intermetallics. The film acts as a barrier to corrosion by 
reducing the efficiency of the cathodes (Fe–containing cathodic intermetallics) and 
delaying pitting initiation on the Al–matrix. 
1 1 6    C H 5  E L E C T R O C H E M I C A L  T R E AT M E N T  O F  A A 5 0 8 3  I N  [ P 6 , 6 , 6 , 1 4 ] [ D P P ]  
 
 
A small cathodic potential (– 100 mV and – 200 mV vs. OCP) has been employed due 
to success in previous work [8]. Due to time limit of this PhD, only preliminary study 
was carried out for this IL–treatment. Nevertheless, the PP results showed promising 
improvements in terms of consistent reduction in corrosion current density as well as 
nobler breakdown potential.  
Overall, the [P6,6,6,14][dpp] IL has demonstrated its potential to be used in the field of 
mitigating corrosion of reactive metals using electrochemical treatments. Now there is 
a better understanding of the electrochemistry of the [P6,6,6,14][dpp] IL over both 
anodic and cathodic potential ranges on AA5083 aluminium alloy substrate. Success 
has been achieved in depositing an IL–film on the AA5083 film via the 2–step anodic 
treatment, which also results in higher corrosion resistance.  
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6 CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
In conclusion, this thesis shows that aluminium alloy AA5083 can be successfully 
treated in target ILs by using electrochemical polarisation to achieve reduced 
corrosion susceptibility of the surface. The two ILs employed in this project showed 
completely different behaviours when in contact with AA5083 alloy. Contrary to ILs 
forming a thin film on the surface of Mg, treatment of AA5083 in the commercially 
available [P6,6,6,14][NTf2] IL led to electrochemical etching that is analogous to acid 
etching, where dissolution of Mg in the more electrochemically active Mg2Si 
intermetallics took place. On the other hand, electrochemical treatments in 
[P6,6,6,14][dpp] IL led to thin film formation on the alloy surface, similar to the IL film 
formation on Mg. Despite the different results from the two ILs, electrochemical 
treatments with both ILs were shown to reduce corrosion rates in corrosive aqueous 
environments. 
The main conclusions from the [P6,6,6,14][NTf2] IL system can be summarised as 
follows: 
– Electrochemical reactions have been suppressed on AA5083 in the presence of 
[P6,6,6,14][NTf2], as indicated by the distinctive reduction in oxidation current 
after the first cycle of the anodic CV scan. 
– Application of the 2–step anodic treatment analogous to the industry–scale 
anodising practice (with parameters subject to laboratory instrument 
limitation), led to electrochemical behaviour associated with the formation of 
an enhanced oxide film and the subsequent thickening of it. The resultant 
surface is able to sustain the 6 V anodic potential without corroding freely. 
– Surface characterisation revealed that electrochemical etching of the more 
electrochemically reactive Mg2Si IMPs, which essentially homogenised the 
alloy surface and made it less prone to localised corrosion. 
– Fluoride, which is a characteristic element of the [P6,6,6,14][NTf2] IL, is found 
on the etched Mg–rich intermetallic sites. It was proposed that, under an 
anodic bias, the negatively charged [NTf2]– anions first absorb onto the alloy 
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surface via the hydroxyl groups with simultaneous dissolution of metals (Mg 
and Al); the [NTf2]– anions then decompose and form F–, which combines with 
the metal ions to form metal fluorides, as shown in Figure 6–1a. This further 
enhanced the surface’s resistance to corrosion. 
– Application of the 2–step anodic treatment in diluted ILs showed similar 
electrochemical etching behaviour. However, low IL concentration results in 
larger etching defects, whereas the ‘neat’ IL produced a larger number of 
evenly distributed small and uniform cavities. 
– The insoluble metal fluorides on the remaining Mg2Si sites and the oxide film 
formed on the IL–treated surface (shown in Figure 6–1b) act as a barrier to 
corrosive species, e.g. Cl–, thus lower corrosion rate and nobler Ecorr and Ebr 
potentials were achieved. Moreover, the higher IL concentration led to better 
corrosion resistance after the electrochemical treatment. 
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Figure 6–1 Schematic diagram of the interaction between [P6,6,6,14][NTf2] and AA5083 under 
anodic bias, a) during treatment, b) after treatment.  
 
The main conclusions for the [P6,6,6,14][dpp] IL system can be summarised as follows: 
– Electrochemical activity on AA5083 can be successfully reduced in 
[P6,6,6,14][dpp] after both cathodic and anodic CV scans. However, CV as an 
electrochemical treatment method is not sufficient to significantly suppress 
corrosion in aqueous environments. Of the treatments investigated, only room 
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temperature anodic CV scans with low water content in the IL (100 ppm) led 
to both a lower corrosion rate and nobler breaking down potential Ebr than that 
of the control. 
– Surface characterisation revealed that IL related species were not evident on 
the surface after anodic CV scans, thus it is likely that the anodic CV scans 
only led to formation of a modified Al2O3 film. 
– Based on industrial anodising of Al in aqueous baths as well as successful film 
formation by anodising Mg in ILs, 2–step anodic treatments were applied to 
AA5083 in [P6,6,6,14][dpp], which prompted the formation of a surface film. 
– The film reduced the electrochemical activity of the alloy surface, as indicated 
by CV scans in the IL before and immediately after the 2–step treatment. The 
anodic CV current reduced by 2 orders of magnitude after the 2–step anodic 
treatment. The protectiveness of the film, however, deteriorated in water, 
probably due to partial dissolution of the film when exposed to water. 
– Characterisation of the film formed at 50 °C using FIB–SEM demonstrated 
that its thickness ranges from 37 nm to 155 nm and it is non–uniform, porous 
and more concentrated on the Al–matrix. 
– Both intact anions and cations were detected on the surface by ToF-SIMS 
analysis; the anion distribution was more dependent on the microstructural 
features due to their direct absorption onto surface via the hydroxyl groups. 
The anion and its components were more concentrated on the Al–matrix than 
on the intermetallics. 
– The film formation process (Figure 6–2) can be described as follows: the 
anions absorb onto the alloy surface via the hydroxyl groups, which are more 
abundant on the Al–matrix, and subsequent breakdown of the anions; 
dissolution of Al takes place at the same time and Al3+ forms which leads to 
formation of AlPO4 and AlPO42H2O with the anion breakdown products. 
– A lower corrosion rate and nobler Ebr potential, compared to that of the as–
polished control sample, were achieved after the 2–step anodic treatment in 
[P6,6,6,14][dpp]. The improvement, however, degrades with increase in 
treatment temperature and with increased water concentration in the IL. 
– The whole surface was covered by the IL film. As a result, the Fe–rich 
intermetallics became less efficient cathodes. The Al–matrix is also protected 
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by the deposition of insoluble aluminium phosphate. Thus, the overall 
corrosion rate was reduced. 
– Similar to previous studies on Mg, a small static cathodic bias (–100 mV and –
200 mV) were shown to be effective in treating the AA5083 alloy in 
[P6,6,6,14][dpp]. The CA–treatments resulted in reduced corrosion rate and 
nobler Ebr  potential than that of the control. 
 
Figure 6–2 Schematic diagram of the interaction between [P6,6,6,14][dpp] and AA5083 during 2–
step anodic treatment.  
 
6.2 Future work 
6.2.1 Robust Process and Uniform Film 
The capability of the ILs to interact with aluminium alloy AA5083 in ways that 
mitigate corrosion provides a promising avenue for the further development of a 
robust process for IL treatments. Although the [P6,6,6,14][NTf2] IL performed 
electrochemical etching under anodic bias, rather than depositing an IL film, it shows 
great potential to replace conventional etchants as a safe alternative. More research 
effort can be directed into performing the IL electrochemical etching, as a method to 
homogenise the surface, prior to any other film deposition process. 
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It has been shown that, with a 2–step anodic treatment, a thin film can be formed on 
the AA5083 surface in [P6,6,6,14][dpp] that offers moderate corrosion protection in 
aqueous media. However, the film was found to be non–uniform and porous, which 
over time, deteriorated in contact with water. These preliminary laboratory 
experiments indicate that there is still significant improvement required for the 
corrosion protection to reach a level comparable to the current industrial methods. 
Therefore, more work is required to develop a robust IL film deposition scheme that 
will generate a compact and corrosion–protective film. These may include 
homogenisation of the surface in terms of electrochemical reactivity prior to applying 
the IL–treatment. Moreover, the film appears to be more readily formed on areas with 
excess hydroxyl groups. Procedures that generate more uniform hydroxyl group 
distribution on the surface may also be applied prior to the IL–treatment. 
 
6.2.2 Further Investigate Cathodic Polarisation 
Given the passivation seen in the cathodic CV scans and the improvement in corrosion 
properties observed on samples IL–treated with a static cathodic potential, it is worth 
further investigating treatment methods involving cathodic potentials in the  
[P6,6,6,14][dpp] IL. Formation of an IL film has also been achieved on Mg using a small 
static cathodic potential [8]. 
 
6.2.3 Alternative IL Systems 
It has been shown in this project that a different IL composition will likely result in 
very different alloy–IL reactions. For instance, contrary to film formation on Mg, the 
[P6,6,6,14][NTf2] IL led to electrochemical etching of AA5083. Nevertheless, one of the 
main advantages of using ILs for corrosion treatments is that there are an unlimited 
number of combinations that are also designable to suit different applications. More 
IL systems can be explored and designed for the promising application of corrosion 
mitigation of reactive metals and alloys. 
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6.2.4 Apply IL Pretreatment to Other Al Alloy Grades (i.e. AA2024) 
While a universal pretreatment regime would be ideal, the most suitable pretreatment 
is likely to be dependent on the individual alloy grade. It is clear from this project that 
the IL film formation is microstructurally dependent. Care needs to be taken when 
applying these two ILs to other aluminium alloys, e.g. AA2024, since different phases 
are present on the surface. 
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APPENDICES 
I. Certificate of Composition 
 
1 3 4    A P P E N D I C E S  
 
 
II. Stability of Pt Reference Electrode in ILs 
 
 
Figure II–1 OCP of Ag and Pt pseudo–reference electrode in [P6,6,6,14][NTf2] a) over the period of 
24 hours and b) over the period of 48 hours immediately after a). Working electrode–Ag or Pt; 
AA5083 alloy as the counter electrode and reference electrode. 
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III. Internal Calibration of Pt Reference Electrode Referring to 
Ferrocene 
 
 
Figure III–1 Calibration of the Pt wire potential in a) [P6,6,6,14][NTf2] and b) [P6,6,6,14][dpp] was 
performed by referencing to the half–wave potential Em of ferrocene in a 20 mM ferrocene–IL 
solution. Glassy carbon working electrode with an active surface area of 0.00785 cm2; Pt–wire 
counter electrode; Pt psuedo–reference electrode.  
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IV. Raw Data Fitting of Peaks in CVs 
 
Figure IV–1 Eox1 and iox1 data fitting of the first oxidation peak at different scan rates in Figure 
5–1. 
 
Figure IV–2 Ered1 and ired1 data fitting of the first reduction peak at different scan rates in Figure 
5–1. 
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Figure IV–3 Eox3 and iox3 data fitting of the third oxidation peak at different scan rates in Figure 
5–1. 
 
Figure IV–4 Eox1 and iox1 data fitting of the first oxidation peak at different scan rates in Figure 
5–2. 
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Figure IV–5 Eox2 and iox2 data fitting of the second oxidation peak at different scan rates in Figure 
5–2. 
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